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Abstract 
Background: Traumatic experiences can have severe emotional and psychological 
consequences, which may affect the capacity to process both internal and external sensory 
information. Such aberrations may have cascading effects in individuals with post-traumatic 
stress disorder (PTSD), where alterations in sensory processing may hinder the capacity for 
higher-order executive functions, including emotion regulation.  Delineating the neural 
circuitry of subcortical and cortical structures thought to be central to sensory processing is 
therefore critical to the study of PTSD and may help to develop an understanding of the 
neurobiological mechanisms underlying this often debilitating disorder. 
Methods: Various neuroimaging approaches were employed to investigate sensory 
processing in PTSD, its dissociative subtype, and healthy controls. First, resting-state 
connectivity patterns of subcortical brainstem structures linked to interoceptive and 
exteroceptive sensory processing, including the periaqueductal gray and the vestibular nuclei, 
were examined (chapters 2 and 3). In addition, given that the insula is critical for relaying 
exteroceptive and interoceptive sensory information to other neurocognitive networks in the 
brain, resting-state whole brain seed-based connectivity patterns of different insula 
subregions were investigated (chapter 4). Furthermore, machine learning analyses were used 
to assess the utility of insula subregion resting-state connectivity patterns as a diagnostic 
predictor for classifying PTSD, its dissociative subtype, and healthy controls. Finally, a task-
based paradigm using oculomotor stimuli with simultaneous traumatic autobiographical 
memory recall was employed to examine cortical brain structures involved in the 
convergence of exteroceptive and interoceptive sensory information (chapter 5). 
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Results and Discussion: As compared to controls, widespread periaqueductal gray 
connectivity was observed with cortical structures associated with emotional reactivity and 
defensive responding in PTSD and its dissociative subtype at rest. In addition, as compared 
to controls, decreased vestibular nuclei connectivity with cortical structures essential to 
exteroceptive sensory processing and multisensory integration was observed in individuals 
with the PTSD dissociative subtype. Moreover, PTSD showed limited cortical insula 
subregion resting-state connectivity with frontal lobe structures involved in the central 
executive network, which may be associated with impairment of higher-order executive 
functions, including emotion regulation, in PTSD. Finally, exposure to simultaneous 
exteroceptive and interoceptive sensory stimuli through oculomotor eye movements 
performed simultaneous to traumatic memory recall engaged the dorsal attentional network 
and default-mode frontoparietal networks that have been demonstrated to work in tandem to 
facilitate connectivity with structures in the central executive network, including the 
dorsolateral and dorsomedial prefrontal cortex, necessary for multisensory integration and 
emotion regulation. This effect was greater in individuals with PTSD and may provide a 
neurobiological account for how oculomotion may influence the frontoparietal cortical 
representation of traumatic memories. Overall, the findings of this dissertation reveal that 
individuals with PTSD experience aberrations in the neural circuitry necessary for processing 
both interoceptive and exteroceptive sensory information. We hypothesize that these 
observed alterations in interoceptive and exteroceptive neural processing may underlie, in 
part, the emotion dysregulation and maladaptive responses to chronic stress, including 
hypervigilance and dissociative symptoms, observed in PTSD and its dissociative subtype. 
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Summary for Lay Audience 
Post-traumatic stress disorder (PTSD) is a psychiatric disorder that is triggered by an 
individual experiencing or witnessing a traumatic event, which may precipitate persistent 
flashbacks and severe anxiety, causing individuals to be fearful and hypervigilant of their 
surroundings. Approximately 14-30% of traumatized individuals may present with a 
dissociative subtype of PTSD, which is often associated with repeated trauma or childhood 
trauma. These patients may present with additional symptoms, including depersonalization 
and derealization, where they may feel as if the world or self is “dream-like” and not real 
and/or describe “out-of-body” experiences. This dissertation explores potential neural 
alterations that may signify how traumatized individuals with PTSD and its dissociative 
subtype experience sensations differently, whether they are from the outside world (i.e. 
touch, auditory, visual sensations) or from the internal body (i.e. emotions, visceral 
sensations). It is hypothesized that alterations in neural pathways important for the 
processing of these sensations may have cascading effects on the performance of higher-
order cognitive functions, including emotion regulation. Various functional magnetic 
resonance imaging techniques were employed to examine brain structures critical to sensory 
processing in individuals with PTSD, the PTSD dissociative subtype and healthy controls. 
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The cumulative findings from this dissertation have been summarized into a theoretical 
framework that hypothesizes a neurobiological account through which sensory processing 
may be impacted in traumatized individuals. 
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Chapter 1  
1 « Introduction and Overview» 
Traumatic experiences are associated with not only drastic emotional and 
psychological consequences, but may also provoke aberrations in neural pathways 
essential to the cognitive control of stress. Critically, traumatic stress is thought to disrupt 
physiological homeostasis, with associated alterations in arousal, including hyperarousal 
and hypoarousal states (Brown et al., 1985; D’Andrea et al., 2013; Frewen & Lanius, 
2006; Pitman et al., 2012; Southwick et al., 1999; Vieweg et al., 2006; Yehuda et al., 
2015). Post-traumatic stress disorder (PTSD), arising in response to traumatic stressors, is 
a disorder characterized by extreme arousal states, emotion dysregulation, and commonly 
persistent negative alterations in cognition and mood (American Psychiatric Association, 
2013). In addition, individuals with PTSD may experience intrusive memories of past 
traumatic experiences and may show persistent hypervigilance concerning their 
surroundings, even in the absence of threat (American Psychiatric Association, 2013; 
Ehlers & Clark, 2000; Taylor, Kuch, Koch, Crockett, & Passey, 1998; Van der Kolk & 
McFarlane, 1998, Yehuda et al., 2015). Notably, approximately 14-30% of traumatized 
individuals present with the dissociative subtype of PTSD characterized by 
depersonalization and derealization symptoms associated with emotional detachment and 
hypoarousal (Armour, Karstoft, & Richardson, 2014; Blevins, Weathers, & Witte, 2014; 
Bremner & Southwick, 1992; Briere, Scott, & Weathers, 2005; Cloitre, Petkova, Wang, 
& Lu, 2012; Feeny, Zoellner, Fitzgibbons, & Foa, 2000; Frewen & Lanius, 2006; 
Hansen, Ross, & Armour, 2017; Lanius et al., 2010; Pain, Bluhm, & Lanius, 2010; Sierra 
& Berrios, 1998; Stein et al., 2013; Steuwe, Lanius, & Frewen, 2012; Wolf et al., 2012).  
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In addition to these core cognitive and affective symptoms, individuals with 
PTSD have shown alterations in sensory processing patterns, often showing extreme 
hypersensitivity to reminders related to traumatic memories (Engel-Yeger, Palgy-Levin, 
& Lev-Wiesel, 2013; Grillon & Morgan III, 1999; Näätänen & Alho, 1995; Shalev et al., 
2000). Here, it is possible that a compromised ability to utilize both internal and external 
sensory information necessary for multisensory integration at the level of the cortex may 
negatively influence the capacity to carry out higher-order executive functions. 
Accordingly, delineating the neural circuitry of subcortical and cortical structures central 
to sensory processing among individuals with PTSD is necessary to elucidate the 
neurobiological mechanisms underlying this psychiatric disorder. It is this topic that the 
current thesis addresses. 
Sensory processing provides a contextual framework through which an individual 
may develop an internal depiction of the external world. Moreover, understanding the 
transmisson of incoming internal and external sensory information to higher-order areas 
of brain is central to the study of executive functions, including goal-oriented action, 
response inhibition, and emotion regulation (Alvarez & Emory, 2006; Chan, Shum, 
Toulopoulou, & Chen, 2008; Fernandez-Duque, Baird, & Posner, 2000; Mazoyer et al., 
2001). Damasio & Carvalho (2013) theorized that affective feelings and sensations are 
mental experiences of bodily states driven by alterations in physiological homeostasis, 
which can potentiate large-scale neural systems that involve all areas of the brain, 
including the brainstem, the limbic system and the cortex. Together, the subcortical and 
cortical neural signatures associated with these affective feelings ultimately shape the 
cognitive framework underlying the human brain’s ability to perform higher-order 
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executive functions such as decision making and emotion regulation (Bechara, Damasio 
& Damasio, 2000). Here, it is critical to note that the initiation of higher-order executive 
functions is thought, under some theories, to be dependent upon the raw affect and 
sensations evoked at the level of the brainstem (Buck, 1999; Damasio, 1998; Davidson & 
Irwin, 1999; Davidson, Jackson, & Kalin, 2000; Koelsch, 2015; Northoff et al., 2006).  
For example, Paul MacLean (1990) described initially the Triune Brain Concept, 
which categorizes the brain into three distinct areas: the reptilian brain, the mammalian 
brain, and the human brain that together involve the brainstem, the limbic brain, and the 
cortex, respectively. According to MacLean, the reptilian brain is integral to generating 
raw affect and coordinating innate, reflexive responses in response to threat and 
evolutionarily-relevant stimuli. By contrast, whereas the mammalian brain is thought to 
evaluate subjective feelings, such as pleasure or distress, the human brain is thought 
responsible for carrying out higher-order executive functions that fit into mental 
constructs shaped by past experience (Schacter, Addis, & Buckner, 2007). Moreover, 
Jaak Panksepp (2004) expanded upon MacLean’s Triune Brain Concept, emphasizing in 
particular the importance of the brainstem in affective neuroscience by suggesting that 
the midbrain’s role in generating raw affect can be divided into several primary process 
emotional systems in the brain that carry out basal brain functioning. These systems are 
thought to evoke both positive and negative affect, including care, play, lust, seek, rage, 
fear, and panic (Panksepp, 1992, 1998, 2005). Together, these emotional systems are 
thought to originate in medial subcortical structures, including the periaqueductal grey in 
the brainstem, and are thought crucial for sensory and higher-order self-referential 
processing occurring in medial cortical areas, including the medial prefrontal cortex and 
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the posterior cingulate cortex (Northoff et al., 2006). Here, both Northoff & Panksepp 
(2008) suggest that emotionally salient stimuli may engage primitive affective responses 
that originate at subcortical brainstem structures, hypothesizing further that these 
structures may lay the foundation for neural transmission to both the limbic system and 
the cortex.   
1.1 « Brainstem Sensory Processing » 
Numerous accounts suggest that sensory information derived from interoceptive and 
exteroceptive processes enters the brain at the level of the brainstem initially (Craig, 
2002; Craig, 2003; Critchley, 2009; Khalsa et al., 2018; Medford & Critchley, 2010; 
Pezzulo, Rigoli, & Friston, 2015; Simmons et al., 2013; Stein, 1998). At the brainstem 
level, incoming sensory information may, in turn, engage primary process emotional 
systems described by Panksepp (2004) to elicit raw affective responses, such as panic or 
rage (Cameron, 2001; Muir, Madill, & Brown, 2017; Owens, Allen, Ondobaka, & 
Friston, 2018; Wiens, 2005; Zaki, Davis, & Ochsner, 2012). Northoff and colleagues 
(2006) identified specific midbrain structures in the brainstem, including the 
periaqueductal gray, the ventral tegmentum areas and the superior colliculus as key for 
engaging primary process emotional systems that translate incoming sensory input to the 
viscerosensory and the medial prefrontal cortices for self-referential processing.  The 
viscerosensory cortex includes the anterior cingulate cortex, the anterior insula, and the 
ventromedial prefrontal cortex, with these structures thought collectively to monitor 
continuously autonomic, metabolic, and immunological resources in the body necessary 
to maintain physiological homeostasis. These cortical areas are further hypothesized to 
maintain consistent top-down projections to brainstem areas, including the periaqueductal 
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grey, in order to initiate allostatic effects to maintain internal homeostasis (Barrett & 
Simmons, 2015; Critchley et al. 2004; Wiens, 2005). Consistent top-down viscerosensory 
cortical projections to the brainstem are thought to help minimize hyperreactivity to 
continuous sensory input, as humans are thought to have developed interoceptive coding, 
which predicts interoceptive input based on past experiences, such that allostatic effects 
are only initiated when there are prediction errors that can disrupt physiological 
homeostasis (Barrett & Simmons, 2015; Craig, 2002; Critchley, Mathias, & Dolan, 2001; 
Critchley, Wiens, Rotshtein, Öhman, & Dolan, 2004; Critchley, 2005; Füstös, Gramann, 
Herbert, & Pollatos, 2012; Herbert & Pollatos, 2012; Pollatos, Gramann, & Schandry, 
2007).  
 When an individual perceives a threat that requires an immediate response, raw 
affect generated at the level of the brainstem can trigger adaptive survival instincts that 
evoke innate defensive behaviours (Holstege, 2014; Jansen, Van Nguyen, Karpitskiy, 
Mettenleiter, & Loewy, 1995; Liddell et al., 2005; Siegel & Victoroff, 2009). This 
response is often accompanied by a disruption of homeostasis within the brain and body 
and is associated frequently with altered functioning of the sympathetic and 
parasympathetic branches of the autonomic nervous system (Goldstein, 1987 Jansen et 
al., 1995; Selye, 1973; Porges, 2009). Critically, sudden autonomic nervous system 
changes may induce a stress response, which can elicit extreme hyperarousal and 
hypoarousal states (Jansen et al., 1995; Paulus & Stein, 2006; Porges, 2009). On balance, 
the evidence reviewed here suggests that alterations in arousal observed among 
traumatized individuals may result in neural aberrations at a subcortical level, thus 
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dysregulating the neural circuitry underlying transmission of affective information from 
the brainstem to the cortex. 
Notably, persistent alterations in arousal may predispose traumatized individuals 
to be hypervigilant of their surroundings for fear of encountering trauma-related 
reminders. This state of defensive posturing may compromise further one’s ability to 
interpret external sensory information continuously received at the supraliminal and 
subliminal level (Bryant et al., 2008; Felmingham et al., 2009), thus disrupting awareness 
of one’s position in gravitational space (Ionta et al., 2011; Medford & Critchley, 2010). 
Here, the vestibular system is thought to be imperative not only for maintaining one’s 
physical equilibrium but also aids in establishing the spatial orientation of one’s position 
in gravitational space. External vestibular sensory information, necessary to spatial 
orienting, is thought to be relayed from the inner ear to the brainstem vestibular nuclei 
before eventually reaching the parieto-insular vestibular cortex (Day & Fitzpatrick, 2005; 
De Waele, Baudonnière, Lepecq, Tran Ba Huy, & Vidal, 2001; Guldin & Grüsser, 1998; 
Miller et al., 2008). This parieto-insular vestibular cortex spans primarily the posterior 
insula and the temporoparietal junction, which are thought critical for receiving both 
interoceptive and exteroceptive input, respectively (De Waele et al., 2001; Lenggenhager 
& Lopez, 2015). Whereas the posterior insula is thought to be important for receiving 
internal viscerosensory information, the temporoparietal junction is thought to be 
involved in understanding one’s self-location and self-orientation in space (Craig, 2003; 
Heydrich & Blanke, 2013; Lanius et al., 2005; Simmons et al., 2013; Suzuki et al., 2013). 
Importantly, if traumatized individuals experience sustained hypervigilance to their 
surroundings in tandem with alterations in arousal, this posturing may influence not only 
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how the cortex receives information from the internal viscera but may also have 
cascading effects on brain structures involved in locating one’s self in space.  
Taken together, the literature reviewed here points to the brainstem as being 
critical for receiving incoming raw interoceptive and exteroceptive sensory information. 
Moreover, given that the brainstem is a critical relay point in the brain for neural 
transmission to the cortex, examining brainstem connectivity patterns in traumatized 
individuals may elucidate the underlying neural pathways associated with the alterations 
in cognitions and mood observed in PTSD.  
1.2 « Cortical Sensory Processing » 
When interoceptive and exteroceptive information is relayed from the brainstem to the 
cortex, it may have cascading effects on the three cortically-driven neurocognitive 
intrinsic networks within the brain: (1) the salience network; (2) the default-mode 
network; and (3) the central executive network (Menon, 2011; Seeley et al., 2007). The 
salience network involves the dorsal anterior cingulate cortex and the frontoinsular cortex 
and is thought to assist in filtering relevant interoceptive, autonomic, and emotional 
information (Menon, 2011; Seeley et al., 2007). By contrast, the default-mode network 
encompasses medial cortical structures, including the medial prefrontal cortex, the 
hippocampus, the precuneus and the posterior cingulate, and is thought to be critical for 
mediating self-referential processes relating to introspection and autobiographical 
memory (Menon, 2011; Seeley et al., 2007). Finally, the central executive network is 
thought to form a frontoparietal system, including the dorsolateral and the dorsomedial 
prefrontal cortices, the superior parietal lobule and the intraparietal sulcus, that is thought 
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to facilitate higher-order executive functions and goal-directed behaviours, including 
emotion regulation (Menon, 2011; Seeley et al., 2007). 
Importantly, the insula is critical to mediating switching between the default 
mode- and executive networks (Mennon & Uddin, 2010). Here, it is thought that relevant 
viscerosensory information is filtered to the insular cortex for interoceptive processing, 
thus helping to identify emotional feeling states underlying incoming sensory information 
(Chang et al., 2013; Couto et al., 2013). In turn, viscerosensory information relayed to the 
insula is hypothesized to activate both salience processing and central-executive networks 
to facilitate higher-order executive functions that assist in coordinating goal-directed 
action to relevant external stimuli (Duerden et al., 2013; Kober et al., 2008; Menon & 
Uddin, 2010). Here, the lateral frontoparietal central executive network converges 
multiple modalities of sensory information (i.e., visual, spatial, emotional) into a coherent 
multisensory perception about the environment (Ghazanfar & Schroeder, 2006; Maculoso 
& Driver, 2005; Senkowski et al., 2008). Finally, when the default-mode network is 
eventually reactivated after responding to salient stimuli, it assists in integrating this 
sensory information into a contextual meaning that can be incorporated subsequently into 
the embodied representation of one’s self (Couto et al., 2013; Menon & Uddin, 2010).  
 As described above, one of the hallmark symptoms of PTSD involves alterations 
in cognition and mood, where individuals with PTSD frequently experience persistent 
negative trauma-related emotions and associated changes in perception of the self and the 
world (Cox, Resnick, & Kilpatrick, 2014; Foa, Ehlers, Clark, Tolin, & Orsillo, 1999; 
Frewen, Thornley, Rabellino, & Lanius, 2017). Here, cognitive functions such as emotion 
regulation may be negatively impacted in individuals with PTSD, as multisensory 
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integration of internal and external sensory information, as described above, is necessary 
to form a coherent perception of one’s self and surroundings (Boden, Bonn-Miller, 
Kashdan, Alvarez, & Gross, J.J., 2012; Cloitre, Miranda, Stovall-McClough, & Han, 
2005; Ehring & Quack, 2010; Ford, 2017). Indeed, several neurophysiological studies in 
PTSD reveal that PTSD is often associated with extreme sensory processing patterns, 
including sensory hypersensitivity to stimuli associated with traumatic memories (such as 
specific sounds, images, touch stimulation) (Engel-Yeger, Palgy-Levin, & Lev-Wiesel, 
2013; Grillon & Morgan III, 1999; Näätänen & Alho, 1995; Shalev et al., 2000). It is 
possible that such hypersensitivity may disrupt interoceptive signaling in individuals with 
PTSD, thus altering the neural trajectory required for translation of viscerosensory 
information from the brainstem to areas in the cortex linked to emotion regulation, 
including the insula and the frontoparietal executive control network. In line with this 
hypothesis, neuroimaging studies in individuals with PTSD point clearly to a decreased 
capacity for emotion regulation, where emotional stress may alter cognitive networks that 
process information about perception, salience processing and creating goal-oriented 
responses. This research points to aberrations at the prefrontal cortex that may play a role 
in disrupting emotion processing among individuals with PTSD, which may alter 
semantic encoding of traumatic memories and the cognitive control of behavioural 
responses to emotionally salient stimuli (Brown & Morey, 2012; Frewen et al., 2008; 
Hayes, VanElzakker, Shin, 2012; Helpman et al., 2016; Rolle, Chick, Trivedi, Monuszko, 
& Etkin, 2019).  
Accordingly, delineating further the neural underpinnings of sensory processing at 
both the subcortical and cortical level in individuals with post-traumatic stress disorder 
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appears necessary to enhance our understanding the neurobiological mechanisms 
underlying this debilitating disorder. 
1.3 « Objectives » 
In keeping with this central objective, this thesis aimed to investigate the neural circuitry 
underlying brain structures thought to be involved in sensory processing in PTSD and its 
dissociative subtype. Firstly, whole brain resting state functional connectivity patterns of 
brainstem structures central to interoceptive and exteroceptive processing, including the 
periaqueductal gray (Chapter 2) and vestibular nuclei (Chapter 3), were examined. 
Secondly, given that the insula has been identified a critical node for relaying incoming 
exteroceptive and interoceptive sensory information to other neurocognitive networks in 
the brain, insula resting-state connectivity patterns with the whole brain were investigated 
(Chapter 4). Here, machine learning analyses were used to assess the utility of insula 
resting-state connectivity patterns as a diagnostic predictor for discriminating between 
individuals with PTSD, its dissociative subtype, and healthy individuals (Chapter 4). 
Finally, a task-based paradigm was employed to investigate the neural mechanisms 
associated with the presentation of both exteroceptive and interoceptive stimuli in 
individuals with PTSD (Chapter 5). Here, we evaluated the neural circuitry underlying 
horizontal eye movements (exteroceptive sensory stimulus) during simultaneous 
traumatic autobiographical memory recall (interoceptive sensory stimulus) in an effort to 
delineate the neurobiological mechanisms through which exteroceptive and interoceptive 
sensory processing may converge to engage higher-order executive functions, such as 
emotion regulation. 
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Chapter 2  
2 « fMRI functional connectivity of the periaqueductal 
gray in PTSD and its dissociative subtype» 
Chapter 2 has been published in its entirety as: 
Harricharan, S., Rabellino, D., Frewen, P. A., Densmore, M., Théberge, J., McKinnon,
 M. C., Schore, A.N., & Lanius, R. A. (2016). fMRI functional connectivity of the
 periaqueductal gray in PTSD and its dissociative subtype. Brain and
 behavior, 6(12), e00579. https: doi.org/10.1002/brb3.579 
2.1 « Introduction» 
Posttraumatic stress disorder (PTSD) involves re-experiencing, avoidance, and 
hyperarousal symptoms, where individuals tend to be hypervigilant of their surroundings 
to ensure their own safety and to avoid exposure to threatening stimuli (Dalgleish, 
Moradi, Taghavi, Nesha-Doost, & Yule, 2001; Taylor, Kuch, Koch, Crockett, & Passey, 
1998; Ehlers & Clark, 2000; American Psychological Association, 2013). When a threat 
is detected, PTSD patients may display hyperarousal symptoms associated with active 
defensive fight and flight circuitry of the sympathetic nervous system as evidenced by 
increased heart rate, skin conductance, and blood pressure (Pole, 2007). By contrast, 
patients with the less common dissociative subtype of PTSD (14%) (Stein et al., 2013), 
characterized by symptoms of depersonalization, often exhibit passive or submissive 
defensive responses accompanied by autonomic blunting (Corrigan, Fisher, & Nutt, 
2011; Lanius et al., 2005; Lanius, Bluhm, Lanius, & Pain, 2006, Lanius et al., 2010). 
Schauer & Elbert (2010) recently proposed a defense cascade model aimed at 
explaining the typical defensive reaction of an organism.  Here, the presence of 
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dissociative states in humans exposed to trauma are associated with a transition from 
fight or flight defensive responses to more primitive animal defensive responses.  These 
defensive responses, evoked in passive or submissive responses to threats, include 
unresponsive immobility, emotional blunting and analgesia (Baldwin, 2013; Nijenhuis, 
Vanderlinden, & Spinhoven, 1998; Porges, 1995). Interestingly, Bandler and colleagues 
(2000) propose that the periaqueductal gray (PAG), a small structure in the midbrain that 
consists of multiple subdivisions that oppose each other in function, is a central structure 
for mediating autonomic responses and is thus responsible for coordinating defensive 
reactions when confronted with threatening stimuli. Specifically, this study suggested that 
whereas the dorsolateral and lateral periaqueductal gray (DL-PAG and L-PAG) are 
associated with sympathetic nervous system activation that evokes active defensive 
strategies, the ventrolateral PAG (VL-PAG) is associated with passive coping strategies 
via activation of the parasympathetic nervous system. A recent pre-clinical study by 
Adamec and colleagues (2012) supported this hypothesis, where the dorsolateral PAG 
was associated with anxiety-related responses to stress in rodents.  By contrast, the 
ventrolateral PAG exhibited a contrasting immobility or passive reaction to stress. 
Kozlowksa and colleagues (2015) explicitly applied the functions of the PAG 
subdivisions to the defense cascade model (Schauer & Elbert, 2010) suggesting that when 
a threat is detected, DL-PAG and L-PAG subdivisions coordinate hyperarousal 
symptoms, such as fight or flight responses associated with sympathetic nervous system 
activity in response to threat. Here, it is believed that endocannabinoids facilitate further 
release of cortisol to elicit an acute stress response from the organism. Concomitant 
activation of the locus coeruleus in the brainstem may induce vasoconstriction of 
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peripheral blood vessels and thus increase blood supply to muscles that would allow the 
organism to fight the predator (George et al., 2013; Goadsby, Lambert, & Lance, 1985; 
Gorzalka, Hill, & Hillard, 2008; Patel, Roelke, Rademacher, Cullinan, & Hillard, 2004). 
In cases where the threat becomes inescapeable, the VL-PAG predominates as 
parasympathetic nervous system activation overrides sympathetic nervous system 
activation through increased vagal efferents from the dorsal motor nucleus, which in turn 
may produce hypoarousal symptoms that cause a freezing or submissive shutdown 
response, sometimes referred to as ‘conservation withdrawal (An, Bandler, Ongur, & 
Price, 1998; Porges, 2001). Projections from the VL-PAG to the medulla may play a role 
in generating such defensive freezing behavior (Tovote et al., 2016), which may be 
associated with the recruitment of pre-synaptic opioid receptors that mediate analgesic 
relief (Musha, Satoh, Koyanagawa, Kimura, & Satoh, 1989).  
Previous neuroimaging studies of the PAG (Linnman, Moulton, Barmettler, 
Becerra, & Borsook, 2012) have supported functional segregation of the structure into 
multiple subdivisions that vary in function, with the dorsal PAG associated with elevated 
blood pressure and the ventral PAG stimulating lower blood pressure and 
parasympathetic dominance. In particular, in resting-state functional connectivity studies 
of the PAG in healthy populations, connectivity has been observed with the cerebellum 
subcortical network as well as the thalamus and the amygdala (Tomasi & Volkow, 2011). 
Critically, however, the complex neural circuitry of the PAG has not yet been delineated 
in PTSD and its dissociative subtype. 
Accordingly, the aim of the present study was to examine resting state functional 
connectivity patterns of the PAG subdivisions in PTSD, since it was hypothesized that 
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this patient population would exhibit greater defensive posturing even during the resting 
state. An additional aim was to compare patterns of activation between individuals with 
and without the dissociative subtype of PTSD.  We hypothesized that all PTSD patients 
would demonstrate increased functional connectivity of both PAG subdivisions with 
brain regions involved in threat appraisal (dorsal anterior cingulate cortex, fusiform 
gyrus; see Milad et al., 2007; Porges, 2007). Moreover, given that both PTSD and its 
dissociative subtype are associated with fight-flight and concomitant hyperarousal 
responses, we hypothesized that both groups would demonstrate increased DL-PAG 
functional connectivity with brain structures associated with sympathetic nervous system 
activity and consequent active defensive strategies, including the anterior insula and pre-
motor cortex (see Butler et al., 2007; Critchley, Nagai, Gray, & Mathias, 2011). We 
hypothesized, however, that only those with the dissociative subtype of PTSD would 
demonstrate VL-PAG functional connectivity with brain structures associated with 
depersonalization and passive defensive responses, including the temporoparietal 
junction and the rolandic operculum (see Blanke & Arzy, 2005; Daniels, Frewen, 
Théberge, & Lanius, 2016; Zaytseva et al., 2015). 
2.2 «Methods» 
2.2.1 Clinical and Demographic Information 
One-hundred and thirty-seven age-matched subjects were included in the study: 60 
patients with a primary diagnosis of PTSD without the dissociative subtype (PTSD), 37 
PTSD patients with the dissociative subtype of PTSD (PTSD+DS), and 40 healthy 
controls. The participants were recruited by the LHSC (London Health Sciences Centre) 
Department of Psychiatry during 2009 to 2016 via referrals from family physicians, 
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mental health professionals, psychology/psychiatry clinics, community programs for 
traumatic-stress survivors and posters/advertisements within the London, Ontario 
community. 
            A primary PTSD diagnosis was determined using the CAPS-IV (Clinician-
Administered PTSD Scale), which assesses 17 categorized symptoms associated with 
PTSD on separate frequency and intensity scales, with the diagnosis confirmed by the 
DSM-IV criteria with an additional minimum severity score of 50 (Blake et al., 1995). 
PTSD patients with the dissociative subtype had the additional requirement of scoring at 
least two on both the frequency and intensity scales for depersonalization or derealisation 
symptoms (as per Nicholson et al., 2015 and Steuwe et al., 2014). For each participant, 
co-morbid Axis-I disorders were diagnosed with the SCID (Structure Clinical Interview 
for DSM-IV Axis I disorders) (First, Spitzer, Gibbon, & Williams, 2002). A battery of 
questionnaires was also administered, including the Beck Depression Inventory (BDI; 
Beck et al., 1997) to assess depression symptoms, the Child Trauma Questionnaire (CTQ; 
Bernstein et al., 2003) to assess childhood trauma history [92 PTSD patients (PTSD+DS 
and PTSD; 85%) met criteria for interpersonal childhood trauma according to CTQ cut-
off scores (Bernstein & Fink, 1998; DiLillo et al., 2006)] and the Multiscale Dissociative 
Inventory (MDI; Briere, Weathers, & Runtz, 2005) to assess further dissociative 
experiences. The demographic and clinical characteristics of study participants are 
outlined in Table 2.1. 
A one-way ANOVA was performed to assess age differences across participant 
groups, and a Pearson’s chi-square test was used to determine the effect of gender 
differences across all three participant groups. A Kruskal-Wallis analysis was used to 
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assess the normal distribution of non-parametric psychological measures (CAPS, BDI, 
CTQ and averaged depersonalization and derealization scores from MDI) with -post-hoc 
tests to assess significant differences between groups (Kruskal & Wallis, 1952). 
            Exclusion criteria for all participants included metal implants that violate 3.0T 
scanner safety regulations, a previous head injury associated with loss of consciousness, 
current or past history of neurological disorders, significant untreated medical illness, and 
pervasive developmental mental disorders. PTSD patients were excluded if they met 
criteria for current or past history of bipolar or psychotic disorders, or if patients had 
alcohol/substance dependency or abuse that had not sustained full remission for at least 6 
months prior to study entry. Control participants were excluded if lifetime criteria were 
met for any DSM-IV Axis-I psychiatric disorder 
 All scanning was conducted at either Robarts Research Institute’s Center for 
Functional and Metabolic Mapping or Lawson Health Research Institute in London, 
Ontario, Canada. The study was approved by the Research Ethics Board at Western 
University of Canada. All participants provided written informed consent to partake in 
the study. 
Table 2.1 Clinical and Demographic Information 
Measure PTSD  PTSD+DS Controls 
N 60 37 40 
Age 37.8 ± 11.6 40.4 ± 13.7 35.0 ± 11.0 
Sex M=25, F=35 M=8, F=29 M=14,F=26 
CAPS-Total 67.9 ± 13.4 81.6 ± 12.7 0.7 ± 3.1 
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CTQ – Total 56.3 ± 24.7 68.2 ± 19.1 31.6 ± 8.6 
BDI 22.8 ± 7.5 33.0 ± 10.3 1.2 ± 2.1 
MDI – Total 54.1 ± 15.2 77.2 ± 22.0  33.7 ± 3.4 
MDI – Depersonalization 6.6 ± 2.7 12.0 ± 5.2 5.2 ± 0.6 
MDI – Derealization 8.6 ± 3.4 12.7 ± 4.0 5.2 ± 0.5 
MDD n=11(24) n=23(9) - 
Panic Disorder/Agoraphobia n=10(6) n=9(6) - 
Social Phobia n=2(2) n=6(0) - 
OCD n=3(2) n=0(2) - 
GAD n=1(0) n=0(0) - 
Age, sex, CAPS and self-report questionnaires (CTQ, MDI, BDI) are reported as mean ± 
SD. Psychiatric disorders assessed via SCID-I (MDD, Panic Disorder/Agoraphobia, 
Social Phobia, OCD and GAD) are reported in frequencies, as n = current(past) cases. 
Abbreviations: PTSD, non-dissociative posttraumatic stress disorder patients; PTSD+DS, 
dissociative posttraumatic stress disorder patients; M, Males; F, Females; CAPS, 
Clinician-Administered PTSD Scale; CTQ, Child Trauma Questionnaire; BDI, Beck 
Depression Inventory; MDI, Multiscale Dissociation Inventory; MDD, Major Depression 
Disorder; OCD, Obsessive Compulsive Disorder; GAD, Generalized Anxiety Disorder. 
2.2.2 Data Acquisition 
Whole-brain fMRI (functional magnetic resonance) data was obtained using a 3.0T 
scanner (Magnetom Tim Trio, Siemens Medical Solutions, Erlangen, Germany) with a 
32-channel phased array head coil where the participant’s head was supported with foam 
padding. BOLD (blood-oxygen level dependent) fMRI data was collected using a 
manufacturer’s standard gradient-echo planar imaging (EPI) pulse sequence (single-shot, 
blipped-EPI) with an interleaved slice acquisition order with the following parameters: 
Time Resolution (TR) = 3000 ms, Echo-Time (TE) = 20ms, voxel size= 2 x 2 x 2 mm3, 
Field of View (FOV) = 192 x 192 x 128 mm3 (94 x 94 matrix, 64 contiguous slices), Flip 
Angle (FA) =90°. High-resolution T1-weighted anatomical images were also obtained 
(MPRage: 192 slices, voxel size = 1 x 1 x 1 mm3). To obtain resting-state data, subjects 
were asked to close their eyes and let their minds wander without focusing on anything in 
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particular for six minutes (as per standard methods in Fransson, 2005; also see Bluhm et 
al., 2009). 
2.2.3 Resting-State fMRI Data Preprocessing 
Image preprocessing and statistical analyses were performed using statistical 
parametric mapping software (SPM12, Wellcome Trust Center for Neuroimaging, 
London, UK: http:// www.fil.ion.ucl.ac.uk/spm) within MATLAB 8.6 (R2015b, 
Mathworks Inc., MA). Four dummy scans were omitted from the fMRI time-series to 
allow magnetization reach steady-state before the experiments commences and enhance 
the quality of realignment during image pre-processing. The functional images for each 
subject were realigned to the first functional image to correct for motion in the scanner 
and resliced. The mean functional image was created and subsequently co-registered to 
the T1-weighted structural image for each subject to spatially realign functional images to 
the subject’s anatomical space. The co-registered images were segmented into gray 
matter, white matter, cerebrum spinal fluid, bone, soft tissue and air using the “New 
Segment” method implemented in SPM12, which uses T2-weighted and PD-weighted 
scans when generating tissue probability maps. The resulting forward deformation fields 
were generated and used to spatially normalize the functional images to MNI space 
without resampling the voxel size, and each subject was visually inspected to ensure 
precise normalization patterns given the small anatomical region being studied. The 
images were then smoothed with a three-dimensional isotropic Gaussian kernel of 4mm 
FWHM (full-width at half-maximum), in co-ordinance with a previous PAG functional 
neuroimaging study (Dunckley et al., 2005) and a PAG neuroimaging meta-analysis 
(Linnman, Moulton, Barmettler, Becerra, & Borsook, 2012) that suggested using a lower 
smoothing kernel facilitates higher voxel resolution and thus helps elicit optimal 
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functional connectivity patterns based on a smaller neuroanatomical area in the brain 
(Becerra, Harter, Gonzalez, & Borsook, 2006). Beissner, Deichmann, and Baudrexel 
(2011) investigated optimal smoothing and normalization patterns in the brainstem and 
also found that a relatively lower smoothing kernel may be necessary to obtain significant 
results given its small region in the brain. It is important to note that the present study still 
satisfies the theory of Gaussian fields developed by Friston et al. (1995), which 
recommends that Gaussian smoothing should be a least double the voxel size (2 mm 
voxel size to 4 mm smoothing). 
The smoothed functional images were further motion corrected with ART 
software (version 2015-10; Gabrieli Lab, McGovern Institute for Brain Research, 
Cambridge, MA; http://www.nitrc.org/projects/artifact_detect/) at a motion threshold of 
2mm, as motion artifacts may significantly affect the BOLD signal in resting-state 
functional connectivity studies (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012). 
The outlier motion regressors identified with ART were used as a covariate of no interest 
during within-subject (first-level) analysis. The smoothed functional images were 
subsequently bandpass-filtered to reduce the signal to noise ratio using 0.012 and 0.1 Hz 
as the high-pass and low-pass frequency cut-offs, respectively (in-house software by co-
author Jean Théberge, Lawson Health Research Institute). 
2.2.4 Seed-Based Regions of Interest 
Seed region-of-interest masks (ROI) were generated using PickAtlas software 
(WFU Pickatlas, version 3.0.5; Maldjian, Laurienti, Kraft, & Burdette, 2003; 
http://fmri.wfubmc.edu/software/pickatlas) in co-ordinance with a PAG atlas developed 
by Ezra, Faull, Jbadi, & Pattinson (2015). Ezra and his colleagues mapped the PAG 
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subdivisions via a column tractography study using diffusion MRI. Two box-shaped 
masks were created to define both the dorsolateral (MNI x: 0; y: -32; z: -8.5 plus 6 x 2 x 
1.5 mm extensions) and ventrolateral (MNI x: 0; y: -27; z: -8 plus 3 x 1 x 1 mm 
extensions) subdivisions of the PAG (Figure 2.1). 
 
Figure 2.1 Dorsolateral and Ventrolateral PAG Regions of Interest. Two box-shaped 
masks were created to define both the dorsolateral (DL-PAG, red; MNI x: 0; y: −32; z: 
−8.5 plus 6 × 2 × 1.5 mm extensions) and ventrolateral (VL-PAG, blue; MNI x: 0; y: −27; 
z: −8 plus 3 × 1 × 1 mm extensions) subdivisions of the PAG. These masks are presented 
in sagittal (top left), axial (top right), and coronal (bottom) views. 
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2.2.5 fMRI Statistical Analyses 
2.2.5.1 Within-Subject Analyses 
The masks created in PickAtlas generated tables that provided region of interest seed 
activity for each subject based on whole-brain resting state data. In-house software 
developed by co-author Dr. Jean Théberge read these tables and generated a mean signal 
intensity time course to be used in a within-subject multiple regression model along with 
ART movement regressors. In addition, means of the number of outliers per subject in 
each group were compared in an effort to examine the potential influence they may have 
on any findings. Functional connectivity was then assessed using a voxel-wise approach 
by calculating both positive and negative correlations between ROIs and other voxels of 
the brain. 
2.2.5.2 Between-Subject Analyses 
A whole-brain 3 (subject group) x 2 (ROI) full-factorial analysis of variance (ANOVA) 
was conducted for the between-subject analyses, with and without using MDD diagnosis 
as a co-variate (MDD was diagnosed via SCID assessment for Axis-I psychiatric 
disorders, see Methods; Table I). The between-group factor consisted of three levels: 
non-dissociative PTSD patients (PTSD), dissociative PTSD patients (PTSD+DS) and 
healthy controls, whereas the within-group factor consisted of two levels: DL-PAG and 
VL-PAG. To determine significant clusters, a family-wise error (FWE) whole brain 
cluster corrected (p< 0.05, k=50) threshold was set for both interaction and post-hoc 
analyses. One-sample t-tests were used to assess connectivity patterns within each group 
and ROI, whereas two-sample t-tests assessed between-group comparisons for both the 
DL-PAG and VL-PAG as well as the differences between both ROIs. Brain regions were 
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identified using the AAL atlas (Tzourio-Mazoyer et al., 2002) via xjview software 
(http://www.nitrc.org/projects/xjview) and visually inspected using another anatomical 
atlas focusing on a dissected brain (Montemurro & Bruni, 2008). To more accurately 
distinguish between relevant anatomical areas in close proximity, such as the rolandic 
operculum and insula, masks of each area were created using PickAtlas software 
according to the AAL atlas and were inspected to ensure proper identification of brain 
regions. Brodmann areas of these brain regions were also identified using xjview 
software and the MNI2Tal atlas available online via the BioImage Suite at Yale 
University (http://bioimagesuite.yale.edu/mni2tal/; Lacadie, Fulbright, Constable, & 
Papademetris, 2008). 
2.2.5.3 Clinical Correlations 
Correlations between the fMRI data and clinical PTSD symptoms were examined by 
regressing CAPS (re-experiencing, avoidance and hyperarousal subscales, in addition to 
total CAPS score in all PTSD patients), CTQ, and MDI scores. Subsequent ROI analyses 
were carried out specifically for the left and the right fusiform gyrus (left: MNI x: -46, y: 
-42, z: -12; right: MNI x: 54, y: -38, z: -16) based on a meta-analysis of previous 
neuroimaging studies in PTSD (Patel, Spreng, Shin, & Girard, 2012). Each ROI analysis 
was conducted independently, drawing a 15-mm radius sphere around the given peak 
coordinate corrected at FWE p <0.05 (cluster and peak corrected). Significant 
correlations were evaluated at FWE p<0.05 (cluster and peak corrected), with subsequent 
Pearson’s correlation coefficients (r) calculated between clinical scores and the ROI used 
in the analysis, as defined above.   
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2.3 «Results» 
2.3.1 Clinical and Demographic Measures 
            ANOVA analyses did not reveal significant differences in ages across all three 
participant groups (p=0.148, df=2), and a Pearson’s chi-square test revealed no 
statistically significant association between gender and participant group (p=0.129, df=2). 
Kruskal-Wallis analysis of variance yielded significant values for all psychological 
measures, including CTQ, CAPS, MDI and BDI (all p<0.001). -Post-hoc Games-Howell 
comparisons revealed no significant differences between PTSD+DS and PTSD groups for 
CAPS (p=0.794) and BDI scores, but did reveal significantly higher CTQ and MDI 
(averaged depersonalization and derealization score) scores in PTSD+DS individuals 
(p<0.05). All psychological measures revealed significantly higher scores in both PTSD 
patient groups as compared to controls (all p<0.001). In addition, the mean number of 
outlier functional volumes per subject did not significantly differ across groups 
(p=0.327). 
2.3.2 Full Factorial Design 
The whole brain analysis of variance (3x2 ANOVA) revealed an interaction between 
group and region of interest, with significant main effects observed for each factor (see 
Appendix A). Using MDD diagnosis as a co-variate did not change the results. Post-hoc 
one-sample and two-sample t-tests based on the full-factorial ANOVA were carried out 
to assess differences observed within and between each variable of the two main factors, 
group (PTSD+DS, PTSD, control) and PAG region (DL and VL-PAG) at p<0.05-FWE 
whole brain cluster corrected, k=50. 
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2.3.3 Functional Connectivity of DL-PAG and VL-PAG within 
Participant Groups 
2.3.3.1 Control Subjects 
Control subjects demonstrated DL-PAG functional connectivity only with the left 
cerebellar lobule IV. Furthermore, VL-PAG connectivity was not observed beyond the 
VL-PAG itself (Figure 2.2; Appendix A). When comparing the functional connectivity of 
the DL-PAG to the VL-PAG (DL-PAG>VL-PAG), there was greater functional 
connectivity observed with the left cerebellar lobules IV and V, along with the cerebellar 
vermis. No greater functional connectivity was observed for the VL-PAG versus the DL-
PAG (FWE whole brain cluster corrected at p<0.05, k=50). 
2.3.3.2 PTSD 
PTSD subjects showed extensive functional connectivity of both the DL-PAG and VL-
PAG with the dACC, orbitomedial prefrontal cortex (OMPFC) and bilateral fusiform 
gyrus (see Appendix A). They also demonstrated DL-PAG connectivity with cerebellar 
lobule VI (Figure 2.2; Table 2.2). When comparing DL-PAG to VL-PAG connectivity 
(DL-PAG>VL-PAG), PTSD demonstrated increased functional connectivity with the 
right anterior insula, the left supplemental motor area and the right postcentral gyrus 
(Figure 2.3; Table 2.3). No greater functional connectivity was observed for the VL-PAG 
versus the DL-PAG -(FWE whole brain cluster corrected at p<0.05, k=50). 
2.3.3.3 PTSD+DS 
PTSD+DS subjects also demonstrated extensive functional connectivity of both the DL-
PAG and VL-PAG, including with the OMPFC, left fusiform gyrus, and cerebellar lobule 
VI (Figure 2.2; Table 2.2). When comparing DL-PAG to VL-PAG connectivity (DL-
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PAG>VL-PAG), PTSD+DS demonstrated increased functional connectivity with the left 
precentral and postcentral gyri (Figure 2.3; Table 2.3). No greater functional connectivity 
was observed for the VL-PAG versus the DL-PAG PAG (FWE whole brain cluster 
corrected at p<0.05, k=50). 
 
Table 2.2 Within Group DL-PAG and VL-PAG Connectivity Patterns in PTSD Patients 
Contrast L/R BA Region Cluster 
Size 
p FWE T 
Voxel 
Z-
Score 
MNI Coordinates 
  x            y           z 
Within 
PTSD 
DL-PAG 
L 
 
Cerebellar Lobules 
IV-V 
47056 <0.001 8.30 7.81 -6 -38 -6 
 
R 54 Hippocampus 
  
7.32 6.99 24 -36 -2  
L 32 Dorsal Anterior 
Cingulate 
  
6.78 6.51 -10 18 36 
 
L 37 Fusiform Gyrus 
  
5.78 5.50 -33 -52 -17  
R 37 Fusiform Gyrus 55 0.032 5.71 5.54 38 -54 -18  
L 46 Frontal Middle 
Gyrus 
126 <0.001 4.74 4.64 -46 48 0 
 
L 10 Orbitomedial 
Prefrontal Cortex 
  
4.44 4.35 -40 48 -12 
Within 
PTSD VL-
PAG 
L 20 Inferior Temporal 
Gyrus 
40354 <0.001 7.09 6.79 -48 40 4 
 
L 48 Caudate 
  
6.82 6.54 -12 6 16  
L 32 Dorsal Anterior 
Cingulate Cortex 
  
6.39 6.16 -6 26 30 
 
L 
 
Cerebellar Lobule VI 1187 <0.001 5.62 5.46 -22 -54 -28  
L 37 Fusiform Gyrus 
  
5.24 5.11 -44 -48 -20  
R 
 
Cerebellar Vermis 
  
5.10 4.98 2 -54 -6  
L 30 Precuneus 229 <0.001 5.46 5.31 -4 -52 14 
41 
 
 
L 30 Calcarine Sulcus 
  
5.16 5.03 -8 -58 4  
L 10 Orbitomedial 
Prefrontal Cortex 
168 <0.001 5.44 5.30 -42 52 0 
 
L 19 Lingual Gyrus 77 0.006 4.39 4.31 -28 -54 -2 
Within 
PTSD+DS 
DL-PAG 
L 6 Superior Frontal 
Gyrus 
37055 <0.001 6.40 6.16 -20 -4 50 
 
L 
 
Cerebellar Lobule VI 
  
6.35 6.13 -32 -54 -22  
R 6 Supplemental 
Motor 
  
6.32 6.10 12 4 52 
 
R 8 Dorsal Anterior 
Cingulate 
  
6.26 6.04 10 12 38 
 
L 37 Fusiform Gyrus 
  
6.08 5.88 -34 -56 -14  
R 10 Orbitomedial 
Prefrontal Cortex 
182 <0.001 4.61 4.52 30 52 -2 
Within 
PTSD+DS 
VL-PAG 
L 6 Middle Frontal 
Gyrus 
33686 <0.001 6.44 6.20 30 52 -2 
 
L 37 Fusiform Gyrus 
  
6.28 6.06 -20 -4 48  
L 6 Superior Frontal 
Gyrus 
  
6.26 6.05 -36 -54 -14 
 
R 10 Middle Frontal 
Gyrus 
161 <0.001 4.41 4.33 -16 4 54 
 
R 10 Orbitomedial 
Prefrontal Cortex 
  
4.28 4.20 30 50 -4 
Post-hoc one-sample t-tests to assess DL- and VL-PAG connectivity patterns within 
PTSD and PTSD+DS patient groups (FWE whole brain cluster corrected at p<0.05, 
k=50). Abbreviations: PTSD, non-dissociative posttraumatic stress disorder patients; 
PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, dorsolateral 
periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area. 
 
Table 2.3 DL-PAG versus VL-PAG  Functional Connectivity Patterns 
Contrast L/R BA Region Cluster 
Size 
p FWE T 
Voxel 
Z-
Score 
MNI Coordinates 
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  x            y           z 
PTSD 
DL>VL-
PAG 
L 
 
Cerebellar 
Lobules IV-V 
414 <0.001 7.90 7.48 -6 -38 -6 
 
R 
 
Cerebellar Vermis 
  
6.02 5.83 6 -42 -8  
L 13 Rolandic 
Operculum 
1131 <0.001 5.28 5.15 -40 -28 18 
 
R 28 Hippocampus 112 0.001 5.21 5.08 26 -34 2  
R 44 Inferior Frontal 
Operculum 
141 <0.001 4.61 4.51 48 14 2 
 
R 13 Anterior Insula 
  
3.85 3.79 46 6 -2  
L 28 Hippocampus 72 0.009 4.52 4.43 -18 -36 0  
L 32 Dorsal Anterior 
Cingulate 
804 <0.001 4.48 4.39 -2 18 38 
 
L 32 Supplemental 
Motor 
  
4.43 4.35 -2 10 44 
 
R 48 Caudate 81 0.005 4.41 4.33 16 16 2  
R 49 Putamen 
  
4.21 4.13 26 14 -2  
R 6 Rolandic 
Operculum 
60 0.022 4.32 4.24 58 6 10 
 
R 4 Post-central Gyrus 
  
4.03 3.97 62 -2 16 
PTSD+DS 
DL>VL-
PAG 
R 32 Mid-Cingulate 
Gyrus 
910 <0.001 5.65 5.48 12 -4 44 
 
R 24 Mid-Cingulate 
Gyrus 
  
5.31 5.17 8 -20 46 
 
L 
 
Cerebellar Lobule 
IV-V 
546 <0.001 5.26 5.13 -8 -46 -10 
 
L 
 
Cerebellar Vermis 
  
5.26 5.13 -2 -40 -6  
R 
 
Lingual Gyrus 66 0.014 4.91 4.80 8 -58 6  
R 
 
Precuneus 
  
4.32 4.24 4 -54 6  
R 
 
Calcarine Sulcus 
  
3.63 3.58 18 -54 6  
L 
 
Frontal Middle 
Gyrus 
238 <0.001 4.86 4.76 -28 8 48 
43 
 
 
L 
 
Pre-central Gyrus 
  
3.93 3.88 -36 2 38  
R 
 
Lingual Gyrus 61 0.020 4.66 4.57 26 -52 -10  
R 
 
Parahippocampal 
Gyrus 
  
3.66 3.61 36 -32 -14 
 
L 
 
Post-central Gyrus 181 <0.001 4.29 4.21 -38 -14 42  
L 
 
Cerebellar Lobule 
VI 
98 0.002 4.24 4.17 -32 -56 -22 
 
L 
 
Fusiform Gyrus 
  
4.11 4.05 -34 -62 -16  
R 
 
Putamen 66 0.014 4.17 4.10 28 -2 6  
L 
 
Putamen 66 0.014 4.06 3.99 -24 4 0 
Post-hoc two-sample t-tests to compare DL-PAG and VL-PAG connectivity within PTSD 
and PTSD+DS patients (FWE whole brain cluster corrected at p<0.05, k=50). 
Abbreviations: PTSD-DS, non-dissociative posttraumatic stress disorder patients; 
PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, dorsolateral 
periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area  
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Figure 2.2 Within Group Dorsolateral and Ventrolateral PAG Functional Connectivity 
Patterns. Family-wise error whole brain corrected p<0.05, k=50; shown at x: 6, y: 0, z: 0 
for PTSD and x:-10 y:-52 z:-16 for PTSD+DS based on MNI coordinates. 
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Abbreviations: PTSD, non-dissociative posttraumatic stress disorder patients; PTSD+DS, 
dissociative posttraumatic stress disorder patients. 
Figure 2.3 Dorsolateral PAG Connectivity with Premotor Regions.. Both PTSD and PTSD+DS 
demonstrated DL-PAG functional connectivity with premotor areas when comparing DL- to VL-
PAG. (A) PTSD demonstrated greater VL-PAG connectivity with the right anterior insula, left 
supplemental motor area and right postcentral gyrus. (B) PTSD+DS demonstrated greater DL-PAG 
connectivity with the left pre- and post central gyri. FWE whole brain cluster corrected at p<0.05, 
k=50. 
Abbreviations: PTSD, non-dissociative posttraumatic stress disorder patients; PTSD+DS, dissociative 
posttraumatic stress disorder patients; DL-PAG, dorsolateral periaqueductal gray; VL-PAG, 
ventrolateral periaqueductal gray; L, left hemisphere; R, right hemisphere. 
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2.3.4 Functional Connectivity Differences between Participant 
Groups 
Between-group analyses confirmed that there was widespread cortical functional 
connectivity observed with DL-PAG and VL-PAG regions in both PTSD and PTSD+DS 
when compared to healthy controls (PTSD>Control; PTSD+DS>Control; see Appendix 
A). Moreover, there were no suprathreshold clusters observed where healthy controls 
exhibited greater functional connectivity than either PTSD patient group (Control>PTSD; 
Control>PTSD+DS) PAG (FWE whole brain cluster corrected at p<0.05, k=50). 
When comparing PTSD to PTSD+DS (PTSD>PTSD+DS), there was no greater 
functional connectivity observed in either PAG subregion (Figure 2.4; Table 2.4). 
However, when comparing PTSD+DS to PTSD (PTSD+DS>PTSD), greater VL-PAG 
connectivity was observed within the right temporoparietal junction, right rolandic 
operculum, left fusiform gyrus and cerebellar lobule VI (FWE whole brain cluster 
corrected at p<0.05, k=50) (Figure 2.4; Table 2.4). 
 
Table 2.4 Between-Group PAG Functional Connectivity Patterns 
Contrast L/R BA Region Cluster 
Size 
p FWE T 
Voxel 
Z-
Score 
MNI Coordinates 
  x            y         z       
PTSD > 
PTSD+DS  
DL-PAG 
  
No suprathreshold 
clusters 
       
           
PTSD+DS > 
PTSD  
DL-PAG 
L 37 Fusiform Gyrus 148 <0.001 4.62 4.52 -36 -56 -12 
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L 
 
Cerebellar Lobule 
VI 
  
4.00 3.94 -32 -54 -22 
 
L 37 Inferior Temporal 
Gyrus 
  
3.53 3.49 -48 -50 -14 
           
PTSD > 
PTSD+DS  
VL-PAG 
  
No suprathreshold 
clusters 
       
           
PTSD+DS > 
PTSD  
VL-PAG 
L 37 Fusiform Gyrus 211 <0.001 4.58 4.49 -34 -56 -14 
 
L 
 
Cerebellar Lobule 
VI 
  
4.38 4.30 -38 -58 -26 
 
R 1 Rolandic 
Operculum 
60 0.022 3.95 3.89 58 -6 16 
 
R 44 Pre-central Gyrus 
  
3.92 3.64 50 2 22  
R 40 Temporoparietal 
Junction 
  
3.53 3.49 54 -12 18 
Post-hoc two-sample t-tests to compare DL- and VL- PAG connectivity differences 
between PTSD and PTSD+DS patients (FWE whole brain cluster corrected at p<0.05, 
k=50). 
Abbreviations: PTSD-DS, non-dissociative posttraumatic stress disorder patients; 
PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, dorsolateral 
periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L, left hemisphere; R, 
right hemisphere; BA, 
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Figure 2.4 PTSD+DS Ventrolateral PAG Connectivity with Brain Regions Implicated in 
Depersonalization. (A) PTSD did not demonstrate VL-PAG functional connectivity when 
compared to PTSD+DS patients. (B) When compared to PTSD, PTSD+DS demonstrated 
greater VL-PAG functional connectivity with the left temporoparietal junction (lTPJ), left 
cerebellar lobule VI, the right rolandic operculum and the left fusiform gyrus.  FWE 
whole brain cluster corrected at p<0.05, k=50. 
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Abbreviations: PTSD, non-dissociative posttraumatic stress disorder patients; PTSD+DS, 
dissociative posttraumatic stress disorder patients; DL-PAG, dorsolateral periaqueductal 
gray; VL-PAG, ventrolateral periaqueductal gray; L, left hemisphere; R, right 
hemisphere. 
2.3.5 Clinical Score Correlations with Functional Connectivity 
Patterns in PTSD Patients 
CAPS hyperarousal subscale scores were significantly correlated to the functional 
connectivity between the DL-PAG and the right fusiform gyrus (p=0.032, FWE-cluster 
corrected; k=29; r=0.359). Moreover, total CAPS severity score correlated with the 
functional connectivity between the DL-PAG and the left fusiform gyrus (p=0.039, FWE-
cluster corrected; k=23; r=0.346). No significant correlations were observed between the 
functional connectivity of the DL-PAG or VL-PAG and the CTQ and MDI. 
2.4 Discussion 
The aim of the present study was to compare resting state connectivity patterns of the 
dorsolateral and ventrolateral PAG subdivisions between patients with and without the 
dissociative subtype of PTSD and controls. In line with our hypotheses, widespread DL- 
and VL-PAG functional connectivity to brain regions involved in emotional reactivity 
and defensive action was observed in both PTSD patient groups when compared to 
healthy participants, suggesting that PTSD patients may exhibit defensive posturing even 
at rest. Strikingly, even though both PTSD patient groups demonstrated DL-PAG 
connectivity to brain regions involved in coordinating active defense ‘fight or flight’ 
responses (e.g., dorsal anterior cingulate; insula; pre/post central gyri), only PTSD 
patients with the dissociative subtype demonstrated greater VL-PAG connectivity with 
brain regions related to passive defensive responses and increased levels of 
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depersonalization (left temporoparietal junction, rolandic operculum). We discuss these 
findings in turn. 
2.4.1 PAG Connectivity with Brain Regions Involved in Autonomic 
Control 
Both PTSD and PTSD+DS groups demonstrated DL-PAG functional connectivity 
with the dorsal ACC. In addition, PTSD patients demonstrated VL-PAG connectivity 
with this region. The dACC is an area associated with autonomic control of both the 
sympathetic nervous system and parasympathetic nervous system, and is implicated in 
the interpretation of contextual information about the safety of the environment (Bryant 
et al., 2005; Luu & Posner, 2003; Medford & Critchley, 2010; Shackman et al., 2011). 
Mobbs et al. (2009) elaborated further on the role of the mid-dorsal ACC during threat 
detection, where they demonstrated that increased connectivity between the mid-dorsal 
ACC and the midbrain during imminent danger is associated with automatic or ‘hard-
wired’ defensive behaviours (also see Panksepp, 1998). Aberrant ACC activity is 
strongly associated with PTSD and is thought to contribute to re-experiencing, avoidance 
and hyperarousal symptoms (Felmingham et al., 2009; Shin et al., 2001; Rougemont-
Bucking et al., 2011). Given that the PAG failed to show connectivity with the dACC in 
healthy participants, the increased VL-PAG and DL-PAG connectivity with the dACC in 
PTSD patients observed here suggests inadequate control of fear, which in turn may 
contribute to a predisposition to engage in reflexive defensive behaviours. 
Both PTSD patient groups demonstrated increased DL- and VL-PAG functional 
connectivity with the orbitomedial prefrontal cortex (see Appendix A) within each patient 
group and when compared to controls. In support of these findings, Bandler and 
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colleagues (2000) suggested that the orbitomedial prefrontal cortices are responsible for 
inputs into autonomic control regions, such as the DL- and VL-PAG, and the 
hypothalamus. 
It is also interesting to note that the areas of interest emerging from the main 
effect of ROI revealed lateralization to primarily areas in the right hemisphere (see 
Appendix A), particularly in the right anterior insula, right fusiform gyrus, right 
temporoparietal junction and right postcentral gyrus. The medulla oblongata is 
considered a major autonomic control center in the brainstem (Luiten, Ter Horst, Karst, 
& Steffens, 1985) and is located in the right hemisphere.  Accordingly, lateralization to 
the right brain facilitates ipsilateral connections between autonomic-limbic structures that 
mediate arousal (i.e., medulla oblongata and right centromedial amydala) (Brake, 
Sullivan, & Gratton, 2000; Porges, Doussard-Roosevelt, & Maiti, 1994; Schore, 2002; 
2009). These results support the notion that the right brain hemisphere may play a central 
role in mediating defensive behaviours in both non-dissociative and dissociative PTSD 
patients.  
Given our findings of PAG connectivity with the dorsal anterior cingulate and 
orbitomedial prefrontal cortex in both patient groups, it appears probable that both VL-
PAG and DL-PAG play a role in autonomic control in both PTSD and its dissociative 
subtype at rest.  This pattern is in contrast to that observed in controls, who did not 
demonstrate any DL- or VL-PAG connectivity with any of the described areas.   
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2.4.2 PAG Connectivity with the Fusiform Gyrus 
Both PTSD patient groups demonstrated DL and VL-PAG connectivity with the fusiform 
gyrus (see Appendix A), supporting Porges’ Polyvagal Theory (2007) that this structure 
is critical in evaluating faces, movement, and vocalizations to determine whether or not 
an environment can be perceived as safe or trustworthy (Porges, 2011; also see Adolphs, 
2002; Winston, Strange, O’Doherty, & Dolan, 2002). The involvement of the fusiform 
gyrus in PTSD was supported by our findings, as DL-PAG connectivity with both the left 
and right fusiform gyrus correlated with total CAPS and hyperarousal subscale scores, 
respectively. Given the role of the PAG in detecting threat, these findings may suggest 
that in contrast to healthy individuals, even during rest, patients with PTSD are 
consistently evaluating the safety of their environment. Porges’ theorizes further that 
during threat detection, the fusiform gyrus may initiate top-down limbic control to 
generate defensive responses to fear (also see Pessoa, 2002). In line with this hypothesis, 
Williams et al. (2006) reported right amygdala functional connectivity with the fusiform 
gyrus during conscious attention to fear. 
It is interesting to note that the current study revealed greater VL-PAG and DL-
PAG connectivity with the left fusiform gyrus in PTSD+DS as compared to PTSD. Here, 
Shaw et al. (2009) found increased activation of the left fusiform gyrus corresponded 
with inefficient working memory systems in PTSD patients. Indeed, impaired working 
memory performance has been observed in patients with depersonalization-derealization 
disorders (Papageorgieu, Lykouras, Ventouras, Uzunoglu, & Christodoulou, 2002). 
Furthermore, left fusiform gyrus activity appears to vary with high frequency in HRV 
(Critchley et al. 2003), typically corresponding to increased parasympathetic nervous 
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system activity, as well as of bradycardia (Critchley, Corfield, Chandler, Mathias, & 
Dolan, 2000). Consistent with the defense cascade model (Schauer & Elbert, 2010), these 
results provide support for the notion that greater VL-PAG connectivity with the left 
fusiform gyrus in PTSD+DS may be associated with increased parasympathetic arousal 
(VL-PAG connectivity was observed in both PTSD+DS and PTSD) and could thus 
contribute to passive defensive strategies through parasympathetic nervous system 
activity. 
PTSD patients also demonstrated DL-PAG connectivity with the right fusiform 
gyrus, a pattern also observed in studies assessing posttraumatic flashbacks often 
associated with hyperarousal symptoms (Osuch et al., 2001; Lanius, Bluhm, Lanius, & 
Pain, 2006). In the present study, more severe hyperarousal symptoms were associated 
with increased DL-PAG functional connectivity with the right fusiform gyrus. Taken 
together, these findings suggest that the DL-PAG may be responsible for initiating 
hyperarousal responses in PTSD patients that evoke active defensive strategies associated 
with movement as previously suggested by Bandler et al. (2000), and a corresponding 
sympathetic ‘fight or flight’ response that occurs despite the absence of an external threat 
stimulus during resting state. 
2.4.3 PAG Connectivity with the Cerebellum 
All groups (controls, PTSD+DS, PTSD+) demonstrated DL-PAG connectivity with 
cerebellar lobules IV and V, a structure thought to play a critical role in assessing a 
trustworthy environment and in fine motor movement (Schutter, 2013; see Appendix A). 
Critically, this finding is consistent with the Universal Cerebellar Transform theory 
(Schmahmann, Weilburg, & Sherman, 2007), which suggests the cerebellum may play an 
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unconscious regulatory role in all aspects of brain functioning, including autonomic 
homeostasis. Although PTSD and PTSD+DS patient groups demonstrated VL-PAG 
functional connectivity with cerebellar lobule VI, connectivity with this structure was 
greater in PTSD+DS patients. Interestingly, activity in this region was also associated 
with processing of fearful faces and trauma-related words in PTSD (Rabellino, 
Densmore, Frewen, Théberge, & Lanius, 2016). Although autonomic control has been 
shown to be associated with successful fear conditioning (Critchley, Melmed, 
Featherstone, Mathias, & Dolan, 2002), cerebellar lobule VI lesions have also been 
implicated in fear learning during animal studies and thus maintaining unconditioned 
responses to fear stimuli (i.e., startle response) (Attwell, Cooke, & Yeo, 2002; Bellebaum 
& Daum, 2011; Lange et al., 2015; Lavond & Steinmetz, 1989). Our findings suggest that 
this modulatory role of the cerebellum may be sustained at rest in both controls and 
PTSD patients. Individuals with PTSD, however, may develop aberrations in PAG-
cerebellar connectivity (i.e., with lobule VI) that may affect the ability of the cerebellum 
to maintain homeostasis in response to stressors. Future studies are –required urgently to 
confirm this hypothesis.   
2.4.4 PAG Connectivity with Motor Regions 
In keeping with our hypothesis, both PTSD patient groups demonstrated DL-PAG 
connectivity with motor areas thought responsible for generating ‘fight or flight’ 
movements mediated by sympathetic nervous system activity. PTSD, however, also 
showed greater DL-PAG connectivity with the right anterior insula when compared to its 
VL-PAG connectivity. This finding points towards a key association between the DL-
PAG and sympathetic nervous system activity, where the right anterior insula is thought 
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to play a critical role in controlling sympathetic arousal in the central autonomic network 
across numerous studies (Benarroch, 1993; Critchley, Wiens, Rotshtein, & Ohman, 
Dolan, 2004; Critchley, 2009; de Morree, Rutten, Szabó, Sitskoorn, & Kop, 2016; Saper, 
2002). Both PTSD patient groups also demonstrated DL-PAG connectivity with 
supplemental pre-motor areas and pre- and post-central gyri, regions implicated in 
generating motor movement. 
2.4.5 PAG Connectivity with Regions Involved in 
Depersonalization  
The PTSD+DS patient group demonstrated greater VL-PAG connectivity (when 
compared to PTSD) with regions associated with depersonalization responses, including 
the right rolandic operculum and the left temporoparietal junction (TPJ). Interestingly, 
the rolandic operculum has recently been shown to be a neural correlate of 
depersonalization in a case of schizotypal disorder (Zaytseva et al., 2015), and is also 
thought susceptible to alterations stemming from childhood maltreatment (Dannlowski et 
al., 2012), the prevalence of which is increased in PTSD+DS (Stein et al., 2013).  The 
TPJ is an area implicated in depersonalization experiences, as it is thought to contribute 
to discrimination between self and non-self (Blanke & Arzy, 2005; Murray, 2015). 
Whereas the right TPJ is important for evaluating self-location and bodily consciousness 
(Blanke et al. 2005; Olivé, Tempelmann, Berthoz, & Heinze, 2015), the left TPJ is 
thought to play an important role in self-processing, where it may assist in discerning 
self-involvement during past autobiographical events (Muscatelli, Addis, & Kensinger, 
2010). Here, previous studies examining gray matter alterations as a function of 
dissociative traits found changes in the inferior parietal cortex, which is also implicated in 
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bodily consciousness (Nardo et al., 2013).  Taken together, these findings may help to 
explain why individuals with PTSD can feel emotionally detached from their traumatic 
memories during states of depersonalization (Krystal, Bennett, Bremner, Southwick, & 
Charney, 1995; Spiegel, 1997; Lanius et al., 2010). It should also be noted that these 
structures contribute to numerous general functions of the brain that are not limited to 
depersonalization responses; however, the present findings provide a basis for further 
exploration of PAG functional connectivity in those with dissociative traits in order to 
further delineate neural correlates associated with depersonalization responses. 
2.4.6 Limitations and Future Directions 
Some limitations of the present study need to be considered. Firstly, we did not include a 
trauma-exposed control group without PTSD, since individuals with matching trauma 
histories often meet lifetime criteria for one or more psychiatric disorders. Although 
previous studies have also reported sex-related differences during resting state in healthy 
individuals (Gur et al., 1995; Tian, Wang, Yan, & He, 2011), these results are conflicting, 
with numerous authors suggesting it is not necessary to control for sex (Damoiseaux et 
al., 2006; Weissman-Fogel, Moayedi, Taylor, Pope, & Davis, 2010). Unfortunately, the 
current study was not powered to examine sex differences; which have been observed in 
a previous pain-related functional PAG connectivity study (Linnman, Beucke, Jensen, 
Gollub, & Kong, 2011); this issue warrants exploration in future studies as these 
differences may influence clinical symptoms. Furthermore, additional measures designed 
to reduce physiological noise from the fMRI scanner, such as a component-based 
approach, should be examined in future studies (Behzadi, Restom, Liau, & Liu, 2007). 
Finally, it is also important to note that the current study is cross-sectional in nature and 
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can therefore not make conclusions about cause and effect. Future studies should also 
explore the use of a greater magnetic field strength to explore PAG subdivision 
functional connectivity with greater temporal resolution and assess how these patterns of 
functional connectivity may vary in response to a stressor, as demonstrated in previous 
animal studies (Adamec, Berton, & Abdul-Razek, 2009). 
2.4.7 Conclusions 
On balance, this study reveals novel findings highlighting the importance of 
examining altered subcortical functional connectivity networks in PTSD patients and its 
dissociative subtype during resting state. Even during resting state, patients with PTSD 
showed extensive VL-PAG and DL-PAG functional connectivity with areas associated 
with emotional reactivity and defensive action. It is possible that these findings reflect 
greater defensive posturing observed in PTSD even at rest. Our findings further indicate 
that patients with the dissociative subtype of PTSD show unique patterns of PAG 
functional connectivity when compared to those without the subtype. Here, although all 
patients with PTSD demonstrated DL-PAG functional connectivity with areas linked to 
hyperarousal and the initiation of active coping strategies through sympathetic nervous 
system activation (e.g., dACC; right insula; pre/post central gyri), only PTSD patients 
with the subtype demonstrated greater VL-PAG functional connectivity with brain 
regions associated with passive coping strategies and increased levels of 
depersonalization (e.g., left TPJ; right rolandic operculum; left fusiform gyrus). Taken 
together, these findings represent an important first step to identifying neural and 
behavioural targets for therapeutic interventions that address both active and passive 
defensive strategies in trauma-related disorders. 
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Chapter 3  
3 « Sensory overload and imbalance: Resting-state 
vestibular connectivity in PTSD and its dissociative 
subtype» 
The findings from Chapter 2 provide a clear demonstration that when compared to 
healthy individuals, individuals with PTSD and its dissociative subtype exhibit 
significantly altered periaqueductal gray neural connectivity patterns with the whole brain 
during rest. Specifically, during rest, all traumatized individuals demonstrated widespread 
dorsolateral periaqueductal gray connectivity with cortical structures associated with 
emotional reactivity and defensive responding. Furthermore, individuals with the 
dissociative subtype of PTSD showed additional ventrolateral periaqueductal grey 
connectivity with brain structures involved in depersonalization. The periaqueductal gray 
has been identified as a critical structure for autonomic nervous system regulation. It is 
therefore possible that the distinctive periaqueductal grey connectivity patterns observed 
in individuals with PTSD and its dissociative subtype when compared to healthy 
individuals are illustrative of extreme arousal states exhibited at rest. Moreover, we 
hypothesize that the widespread periaqueductal gray resting-state connectivity patterns 
observed with brain structures associated with defensive responses is indicative of 
hypervigilance responses during rest in PTSD. This hypervigilance may, in turn, alter the 
perceptions and navigation of the external world and impact not only exteroceptive 
processing but also self-representation in space. Here, the vestibular system is central to 
the understanding of one’s position in gravitational space and relies on the continuous 
acquisition of interoceptive and exteroceptive sensory information from the environment, 
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even at a subconscious level. This system may therefore be a critical factor underlying 
aberrations in interoceptive and exteroceptive sensory processing observed in individuals 
with PTSD. 
Chapter 3 has been published in its entirety as: 
 Harricharan, S., Nicholson, A. A., Densmore, M., Théberge, J., McKinnon, M. C., 
Neufeld, R. W.J., & Lanius, R. A. (2017). Sensory overload and imbalance: Resting-state 
vestibular connectivity in PTSD and its dissociative subtype. Neuropsychologia, 106, 
169-178. 
3.1 « Introduction » 
The vestibular system operates subconsciously, consistently monitoring one’s position in 
gravitational space and being influenced by one’s own interoceptive awareness (Berthoz 
& Weiss, 2000; Day & Fitzpatrick, 2005; Heydrich & Blanke, 2013; Lopez, 2016; Lopez 
& Blanke, 2011; Zu Eulenburg, Baumgärtner, Treede, & Dieterich, 2013). Most literature 
regarding the vestibular system emphasizes its role in bodily consciousness, where it is 
viewed as broadly integrating cognitive processes with multisensory input to maintain 
awareness of the bodily self, including physical balance (Blanke, 2012; De Waele, 
Baudonnière, Lepecq, Tran Ba Huy, & Vidal, 2001; Hitier, Besnard, & Smith, 2014; 
Lenggenhager & Lopez, 2015; Pfeiffer, Serino, & Blanke, 2014). Maintenance of 
physical equilibrium relies upon continuous proprioceptive input used to respond to 
changes in one’s gravitational balance, and it is derived from both exteroceptive signals, 
including tactile and visual external stimuli, as well as interoceptive signals stemming 
from more visceral sensations in the body (Aspell et al., 2013; Balaban & Thayer, 2001; 
Suzuki, Garfinkel, Critchley, & Seth, 2013; Tsakiris, Tajadura-Jiménez, & Costantini, 
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2011). Taken together, the vestibular system plays a critical role in guiding the body 
through the physical world and in the interpretation of sensory stimuli.  Accordingly, its 
disruption may signal profound alterations in key processes such as balance and sensory 
integration. 
Neurobiologically, in non-human primates, vestibular multisensory input relating 
to one’s position in the gravitational field travels through the vestibular nuclei of the 
brainstem and reaches its relevant cortical areas for multisensory processing, known as 
the parieto-insular vestibular cortex (PIVC; includes posterior insula, inferior parietal 
lobule – supramarginal and angular gyri), as well as somatosensory and motor areas 
(Akbarian, Grüsser, & Guldin 1994; Boisacq-Schepens & Hanus, 1972; Guldin & 
Grüsser, 1998; Lopez & Blanke, 2011). The definition of the human PIVC is less 
concrete, as it is sometimes referred to broadly as the temporo-peri-Sylvian vestibular 
network; however, some areas of the non-human PIVC are thought to be overlap with its 
human homologue, such as the posterior insula and the temporoparietal junction 
(Dieterich et al., 2003; Kahane, Hoffmann, Minotti, & Berthoz, 2003; Khan & Chang, 
2013; Lopez & Blanke, 2011).  
The cortical regions of the PIVC are critical for vestibular afferent processing, 
with each region playing an intricate role in organizing multisensory input to maintain 
vestibular function. Here, the posterior insula serves as a multisensory integration site to 
bring awareness to one’s internal affective state, where it is critical to coordinating 
behavioral responses to exteroceptive vestibular input and contributes to one’s own 
interoceptive awareness (Baier et al., 2013; Mazzola et al., 2014; Serino et al., 2013; 
Tsakiris, Hesse, Boy, Haggard, & Fink, 2007). The entire insula is considered 
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collectively the primary interoceptive cortex. Whereas the anterior insula plays a role in 
emotional regulation, the posterior insula is thought to be more involved with internal 
physiological homeostasis reactions to pain, cardiac signals and visceral sensations 
(Craig, 2002; Craig, 2003; Critchley, Wiens, Rotshtein, Öhman, & Dolan, 2004) . 
Importantly, the temporoparietal junction, which encompasses the supramarginal gyrus, 
as well as the posterior superior temporal gyrus/sulcus and angular gyrus, is also critical 
for receiving vestibular afferents and for integrating multisensory input related to bodily 
and visual spatial orientation relating to one’s surroundings (Arzy, Thut, Mohr, Michel, 
& Blanke, 2006; Blanke, 2012; Blanke & Arzy, 2005; Burgess, Maguire, Spiers, & 
O'Keefe, 2001; Decety & Lamm, 2007; Igelström, Webb, & Graziano, 2015).  
Neurobiological models of PTSD suggest that physiological homeostasis is 
disrupted due to chronic stress, which may promote hyperarousal symptoms, such as 
hypervigilance or irritability observed in PTSD patients (Kendall-Tackett, 2000; Vieweg 
et al., 2006; Yehuda, 2002; Yehuda & LeDoux, 2007; Yehuda & McFarlane, 1995), or 
alternatively, hypoarousal symptoms associated with emotional detachment, including 
symptoms of depersonalization/derealization in patients with its dissociative subtype 
(Frewen & Lanius, 2006; Lanius et al., 2010; Pain, Bluhm, & Lanius, 2010; Van Der 
Kolk, 2006). Moreover, depersonalization/derealization symptoms have been reported in 
vestibular disorders such as vertigo, where compromised sensorimotor processing can 
influence the relation between one’s self and environment and affect negatively 
integration with other senses, particularly during acute episodes of severe stress (Yen Pik 
Sang, Jauregui-Renaud, Green, Bronstein, & Gresty, 2006). Moreover, aberrant 
functioning of the insula has been reported repeatedly in neuroimaging studies of PTSD 
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and its dissociative subtype (Brown & Morey, 2012; Herringa, Phillips, Almeida, Insana, 
& Germain, 2013; Hopper, Frewen, Sack, Lanius, & Van Der Kolk,  2007; Lanius et al., 
2005; Nicholson et al., 2016; Simmons, Strigo, Matthews, Paulus, & Stein, 2009). 
Finally, altered activation of the temporo-parietal junction has been observed in patients 
with depersonalization disorder (Simeon et al., 2000), and is associated with dissociative 
symptoms observed in vestibular and psychiatric disorders, including dissociative PTSD 
(Ionta et al., 2011; Kennis, van Rooij, van den Heuvel, Kahn, & Geuze, 2016; Lanius et 
al., 2005, Lanius et al., 2002; Smith & Darlington, 2013; Steuwe et al., 2014; Voon et al., 
2010). Critically, however, despite the close relationship between regions of the parieto-
vestibular insular cortex and symptom profiles observed in PTSD and its dissociative 
subtype, the neural circuitry underlying the vestibular system in relation to PTSD has yet 
to be elucidated. 
Accordingly, the objective of the current study was to examine functional 
connectivity of the vestibular system in PTSD, its dissociative subtype, and healthy 
controls. Using resting-state fMRI to determine the vestibular neural circuitry with key 
cortical regions overlapping with PTSD neurophenomenology, we performed a seed-
based functional connectivity analysis of the vestibular nuclei with the whole-brain. Since 
the vestibular system operates subconsciously, continuous multisensory vestibular 
afferents monitoring one’s position in the gravitational field are not dependent conscious 
or localizable stimuli as employed in task-based paradigms; we thus predicted that 
changes in the neural circuitry of the vestibular system in PTSD would be detectable 
during rest. Given that brainstem-cortical functional connectivity is essential for 
multisensory processing, we hypothesized that as compared to PTSD, healthy individuals 
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would demonstrate enhanced vestibular nuclei functional connectivity with relevant 
vestibular cortices (PIVC and prefrontal cortex) at rest. We further hypothesized that 
PTSD patient groups would differ in functional connectivity patterns. Specifically, we 
hypothesized that both PTSD groups would demonstrate altered multisensory integration 
patterns unique to the symptom profiles these groups experience. Specifically, we 
predicted that individuals with the dissociative subtype of PTSD would demonstrate 
significantly less vestibular nuclei functional connectivity with key vestibular cortices 
essential to understanding one’s bodily self-awareness (e.g., supramarginal gyrus), due to 
their disposition to experiencing depersonalization/derealization symptoms.  
3.2 Methods 
3.2.1 Clinical and Demographic Information 
The study consisted of one-hundred and forty-one participants, including 60 PTSD 
patients (PTSD), 41 PTSD patients with the dissociative subtype (PTSD+DS), and 40 
healthy controls. London Health Sciences Centre recruited participants from 2009-2016 
via referrals from family physicians, mental health professionals, psychology/psychiatric 
clinics, community programs for traumatic stress, and posters/advertisements within the 
London, Ontario community. 
 Inclusion criteria for PTSD and its dissociative subtype was based on the CAPS 
interview, which assesses the frequency and intensity of PTSD symptoms [CAPS; 
versions IV and 5 (for 18 participants); CAPS IV cut-off score >50, CAPS-5 uses a 
different scoring system with no definitive cut-off)] (Blake et al., 1995; Weathers et al., 
2013). Individuals meeting criteria for the dissociative subtype scored at least two in 
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frequency and intensity for depersonalization and/or derealization symptoms as per 
standard methods (Harricharan et al., 2016; Nicholson et al., 2015; Steuwe et al., 2014). 
For all participants, the SCID was administered (Structured Clinical Interview for DSM-
IV Axis-I disorders) (First, Spitzer, Gibbon, & Williams, 2002), along with a battery of 
questionnaires: Beck Depression Inventory (BDI) (Beck, Guth, Steer, & Ball, 1997), 
Child Trauma Questionnaire (CTQ; 87% of all PTSD patients had histories of childhood 
trauma, confirmed if patient scored above the ‘none/minimal’ threshold for any trauma 
category according to the CTQ scoring manual) (Bernstein & Fink, 1998), as well as the 
Multiscale Dissociation Inventory (MDI) (Briere, Weathers, & Runtz, 2005).  
 Clinical and demographic information are detailed in Table I. Age differences 
were assessed via a one-way ANOVA, and a Pearson’s chi-square was performed to 
calculate gender differences across all three participant groups. If Levene’s test violated 
homogeneity of variance assumptions, a Kruskal-Wallis analysis followed by post-hoc 
Games-Howell comparisons was performed to assess the significance of nonparametric 
psychological measures (CAPS, BDI, CTQ, and averaged depersonalization and 
derealization MDI scores) across groups (Kruskal & Wallis, 1952).  
 Participants were excluded if they could not adhere to the safety regulations 
required for the 3.0T scanner, including metal implants, previous head trauma associated 
with a period of unconsciousness, current or past history of neurological disorders, 
significant untreated medical illness, and/or pervasive developmental mental disorders. 
Additional exclusion criteria for PTSD patients included current or past history of bipolar 
or psychotic disorders, or if patients had alcohol/substance dependency or abuse for at 
least six months prior to participation in the study, as determined by the SCID. Control 
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participants were screened for prior trauma exposure and were excluded if lifetime 
criteria were met for any DSM-IV Axis-I psychiatric disorder. Approximately 35 patients 
(PTSD, n=20; PTSD+DS, n=15) were using psychotropic medications at the time of the 
study. The medications included antidepressants (n=32: SSRIs, n=13; SNRIs, n=7; 
NDRIs, n=9; MAOI, n=1; SARIs, n=4; tricyclics, n=1; tetracyclics, n=2), atypical 
antipsychotics (n=9), and sedative drugs (n=13: benzodiazepines, n=11; cyclopyrrolone, 
n=2). Moreover, 89% of participants were right-handed (n=126), while 11 participants 
were left-handed (Controls, n=2; PTSD, n=5; PTSD+DS, n=4) and 4 participants’ 
handedness were unknown.  If eligible, subjects provided written informed consent to 
participate in the study. All scanning was conducted in London, Ontario, Canada at either 
Robarts Research Institute’s Center for Functional and Metabolic Mapping or Lawson 
Health Research Institute. The study was approved by the Research Ethics Board at 
Western University of Canada.  
Table 3.1 Clinical and Demographic Information 
Age, gender, CAPS, and self-report questionnaires (CTQ, MDI, BDI) are reported as 
mean ± SD. Psychiatric disorders assessed via SCID-I (MDD, Panic 
Disorder/Agoraphobia, Social Phobia, OCD and GAD) are reported in frequencies, as n = 
current (past) cases.  
Abbreviations: PTSD, posttraumatic stress disorder; PTSD + DS, posttraumatic stress 
disorder with the dissociative subtype; M, Males; F, Females; CAPS, Clinician-
Administered PTSD Scale; CTQ, Child Trauma Questionnaire; BDI, Beck Depression 
Inventory; MDI, Multiscale Dissociation Inventory; MDD, Major Depression Disorder; 
OCD, Obsessive Compulsive Disorder; GAD, Generalized Anxiety Disorder.s 
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3.2.2 Data Acquisition 
Whole-brain fMRI (functional magnetic resonance) data were collected in a 3.0T scanner 
(Magnetom Tim Trio, Siemens Medical Solutions, Erlangen, Germany) with a 32-
channel phased array head coil. BOLD (blood oxygen level dependent) fMRI data were 
collected using a manufacturer’s standard gradient-echo planar imaging (EPI) pulse 
sequence (single-shot, blipped-EPI) with an interleaved slice acquisition order per the 
following specifications: Time Resolution (TR) = 3000 ms, Echo Time (TE) = 20 ms, 
voxel size = 2 × 2 × 2 mm3, Field of View (FOV) = 192 × 192 × 128 mm3 (94 × 94 
matrix, 64 contiguous slices), and Flip Angle (FA) = 90°. High-resolution T1-weighted 
anatomical images were also collected (MPRage: 192 slices, voxel size = 1 × 1 × 1 
mm3). To obtain resting-state data, subjects were asked to close their eyes and let their 
minds wander without focusing on anything in particular for 6 min as per standard 
methods (Bluhm et al., 2009; Fransson, 2005; Harricharan et al., 2016), with follow-up 
post-scan clinical state measures, including the State-Trait Anxiety Inventory (STAI) 
(Spielberger, 2010) and the Responses to Script-Driven Imagery Scale (RSDI) (Hopper, 
Frewen, Sack, Lanius, & Van Der Kolk, 2007) to assess the participants’ state clinical 
symptoms during the scan. 
3.2.3 Resting-State fMRI Data Preprocessing 
Image preprocessing and statistical analyses were performed using statistical parametric 
mapping software (SPM12, Wellcome Trust Center for Neuroimaging, London, UK: 
http:// www.fil.ion.ucl.ac.uk/spm; RRID:SCR_007037) within MATLAB 8.6 (R2015b, 
Mathworks Inc., MA; RRID:SCR_001622). The functional images for each subject were 
realigned to the first functional image, after four dummy scans were omitted to allow 
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magnetization to reach steady state, to correct for motion in the scanner and were 
resliced. The resulting mean functional image was co-registered to the T1-weighted 
anatomical image to spatially realign BOLD data with the subject’s anatomical space. 
The co-registered images were segmented using the “New Segment” method 
implemented in SPM12, which uses T2-weighted and PD-weighted scans when 
generating tissue probability maps. The functional images were registered to a MNI 
template using the forward deformation field, with additional visual inspection of precise 
brainstem normalization in each subject, and were subsequently smoothed with a three-
dimensional isotropic Gaussian kernel of 6 mm full-width half maximum [FWHM; as 
guided by previous fMRI vestibular nuclei studies which range from 4 mm-8 mm FWHM 
smoothing kernels (Kirsch et al., 2016; Miller et al., 2008)]. The images were further 
motion corrected with ART software (version 2015-10; Gabrieli Lab, McGovern 
Institute). The means of the total motion outliers per subject in each group were 
compared to assess any potential influence on the results of the present study and did not 
vary significantly across groups (p=0.327, ns). Physiological denoising of the data was 
done through bandpass filtering of the smoothed functional volumes to isolate 
frequencies of interest and reduce respiratory and other physiological noises, ranging 
from 0.012 to 0.1 Hz. Bandpass filtering isolates low frequencies associated with 
spontaneous fluctuations within the gray matter of the brain at rest, while adjusting for 
proper sampling of cardiac and respiratory noise for frequencies of physiological interest 
(Fox et al., 2005; Zuo et al., 2010). While low frequencies are associated with low MR 
scanner noise (i.e. slow scanner drifts), high frequencies are thought to correspond to 
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white matter, as well as cardiac and respiratory signals (Cordes et al., 2001; Van Den 
Heuvel, Stam, Boersma, & Hulshoff Pol, 2008). 
3.2.4 fMRI Statistical Analyses 
3.2.4.1 Within-Subject Analysis 
A within-subject general linear model was used to assess resting-state functional 
connectivity patterns for each subject. The model included the mean signal intensity time 
course for the resting-state scan, with ART motion outliers used as regressors. The left 
and right vestibular nuclei (LVN and RVN) [x: ±16, y: -36, z: -32] were used as spherical 
(5mm radii) seed regions-of-interest (Figure 3.1), in concordance with previous studies 
(Kirsch et al., 2016; Miller et al., 2008), and generated using PickAtlas software (WFU 
Pickatlas, version 3.0.5 (Maldjian, Laurienti, Kraft, & Burdette, 2003); 
http://fmri.wfubmc.edu/software/pickatlas; RRID:SCR_007378). The mean signal 
intensity time course was created via in-house software, developed by co-author Jean 
Théberge, which read LVN and RVN seed activity from PickAtlas in each resting-state 
functional volume per subject. A voxel-wise approach was used to calculate positive and 
negative correlations between LVN and RVN signal time courses with other voxels of the 
brain. 
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Figure 3.1 Vestibular Nuclei Seed Regions-of-Interest. Left (LVN) 
and right (RVN) vestibular nuclei regions-of-interest [MNI: x: ±16 y: 
-36 z: -32; 5 mm sphere] used to generate seed time courses for 
within-subject analysis. 
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3.2.4.2 Between-Subject Analysis 
A full-factorial analysis of variance (ANOVA) was performed to examine the 3x2 
interaction between participant group (PTSD, PTSD+DS and controls) and regions-of-
interest (left and right vestibular nuclei; L/R VN) as well as main effects. Separate 
ANOVAs were performed using either MDD diagnosis (determined via SCID 
assessment; see Methods; Table I) or participants on medications as covariates. Post-hoc 
one-sample t-tests and two-sample t-tests were used to assess functional connectivity 
patterns within and between each group and region-of-interest, respectively. Correlations 
between PTSD seed-based analysis and psychological measures (CAPS, CTQ and 
averaged depersonalization and derealization MDI scores) and post-scan clinical state 
measures (STAI and averaged depersonalization and derealization RSDI scores) were 
assessed. Subsequent ROI analyses of key parieto-vestibular cortical areas [posterior 
insula (x: -42, y: -12, z: 10) and supramarginal gyrus (x: 59, y: -36, z: 30)] based on 
anatomical data from a previous vestibular-related resting-state neuroimaging study 
(Göttlich et al., 2014) were performed to look at results from the full-factorial analysis 
and regression analyses of clinical correlations with seed-based analysis. Brain regions 
were identified using the AAL atlas (Tzourio-Mazoyer et al., 2002) via xjview software 
(http://www.nitrc.org/projects/xjview), the MNI2Tal atlas available online via the 
BioImage Suite at Yale University (http://bioimagesuite.yale.edu/mni2tal/) (Lacadie, 
Fulbright, Constable, & Papademetris, 2008) and visually inspected using an additional 
anatomical atlas (Montemurro & Bruni, 1988).  
In order to determine significant clusters, the FWE-corrected alpha was set to 
p=0.05, resulting in a calculated FWE corrected cluster size of k=10 based on random 
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field theory in SPM (Friston et al., 1994; Hayasaki & Nichols, 2003; Lui et al., 2011; 
Nicholson et al., 2015). Significant clusters identified in ROI analyses were adjusted for 
multiple comparisons at a voxel-wise FWE-corrected threshold set at p ≤ 0.025, k=10. 
3.3 Results 
3.3.1 Overview 
Overall, the present study revealed altered vestibular nuclei functional connectivity 
patterns across PTSD, PTSD+DS and healthy control groups. More specifically, bilateral 
vestibular nuclei functional connectivity with the parieto-vestibular insular cortex 
(posterior insula, supramarginal gyrus) and the dorsolateral prefrontal cortex was 
observed in both PTSD and healthy controls whereas the PTSD+DS group in contrast 
showed minimal functional connectivity with these areas. Interestingly, the PTSD group 
showed greater vestibular nuclei functional connectivity with the right angular and 
supramarginal gyri than both the PTSD+DS and healthy control groups. Conversely, 
healthy controls demonstrated greater RVN connectivity with the left posterior insula 
than the PTSD group. Finally, PTSD symptom severity negatively correlated with 
vestibular nuclei functional connectivity with the prefrontal cortex, while averaged 
depersonalization/derealization MDI and RSDI scores negatively correlated with 
vestibular nuclei connectivity with the right supramarginal gyrus.  
3.3.2 Clinical and Demographic Measures 
ANOVA analysis did not reveal significant differences in ages across all three participant 
groups (p=0.073, df = 2), and a Pearson’s chi-square test failed to reveal a statistically 
significant association between gender and participant group (p=0.066, df = 2). Kruskal–
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Wallis analysis of variance yielded significant values for all psychological test measures, 
including CTQ, CAPS, MDI, and BDI, as well as resting-state clinical measures RSDI 
and STAI (all p< 0.001). Post-hoc Games-Howell comparisons revealed no significant 
differences between PTSD+DS and PTSD groups for CAPS-IV (p = .794) and BDI 
scores, but did reveal significantly higher CTQ and MDI (averaged depersonalization and 
derealization) scores in PTSD+DS individuals (p< 0.05). For resting-state clinical 
measures, Games-Howell comparisons revealed no significant differences between 
PTSD+DS and PTSD for STAI scores (p=0.064), but did reveal significantly higher 
RSDI (averaged depersonalization and derealization score) in PTSD+DS as compared to 
PTSD (p<0.05) during the scan. All psychological measures and resting-state clinical 
measures revealed significantly higher scores in both PTSD patient groups as compared 
to controls (all p< 0.01).  
3.3.3 Full Factorial Design 
The 3x2 full factorial ANOVA conducted for the seed-based analysis revealed an 
interaction between participant group (PTSD+DS, PTSD, healthy controls) and region-
of-interest (left and right vestibular nuclei; LVN, RVN, respectively) as well as main 
effects for each factor; results are shown in Appendix B. Post-hoc one-sample and two-
sample t-tests were used to assess group and region-of-interest differences [all results are 
reported as FWE-voxel corrected, p<0.05, df = (1, 276)]. Separate full-factorial analyses 
using either MDD diagnosis or patients on medications as a covariate did not change the 
results of the original full-factorial ANOVA analysis. 
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3.3.3.1 Within Group Functional Connectivity 
Figure 3.2 depicts vestibular nuclei functional connectivity patterns with previously 
identified key vestibular cortical regions (posterior insula, supramarginal gyrus) and the 
dorsolateral prefrontal cortex within each participant group. A more comprehensive 
explanation of within group vestibular nuclei functional connectivity patterns are detailed 
in Appendix B.   
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Figure 3.2 Within-Group Vestibular Nuclei Functional Connectivity Patterns. Left and right vestibular 
nuclei functional connectivity patterns with key cortical regions relevant to the vestibular system based 
on seed-based analysis within all three participant groups (controls, PTSD and PTSD+DS), including 
the parieto-insular vestibular cortical regions (posterior insula, supramarginal gyrus), and the 
dorsolateral prefrontal cortex. Notably, healthy controls and PTSD demonstrated connectivity with all 
three brain regions shown (dlPFC, posterior insula, supramarginal gyrus), whereas PTSD+DS 
demonstrated neither LVN nor RVN functional connectivity with neither the dlPFC nor the 
supramarginal gyrus. 
Abbreviations: PTSD posttraumatic stress disorder patients non-subtype; PTSD+DS, PTSD patients 
with the dissociative subtype; LVN, left vestibular nuclei; RVN, right vestibular nuclei; L, left 
hemisphere; R, right hemisphere; dlPFC, dorsolateral prefrontal cortex.  
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3.3.3.2 Between-Group Functional Connectivity 
3.3.3.2.1 PTSD > PTSD+DS and Healthy Controls 
PTSD demonstrated greater bilateral vestibular nuclei connectivity with the right angular 
and supramarginal gyri, as well as the right middle temporal gyrus as compared to 
PTSD+DS, with additional increased LVN connectivity with the superior and middle 
frontal gyri (BA 9,10), the medial orbitofrontal cortex, the right fusiform and the right 
inferior occipital gyrus as compared to PTSD+DS (Table 3.2). Moreover, the PTSD 
group demonstrated greater LVN connectivity with the right angular gyrus and greater 
RVN connectivity with the right supramarginal gyrus as compared to healthy controls 
(Table 3.2). 
3.3.3.2.2 PTSD+DS > PTSD and Healthy Controls 
The PTSD+DS group did not demonstrate greater bilateral vestibular nuclei connectivity 
with any area as compared to PTSD and healthy controls.   
3.3.3.2.3 Healthy Controls > PTSD and PTSD+DS 
Healthy controls demonstrated increased LVN connectivity with the middle temporal 
gyrus as compared to the PTSD group, as well as increased RVN connectivity with the 
left posterior insula upon subsequent ROI analyses as compared to PTSD (Table 3.2). In 
addition, controls demonstrated greater bilateral vestibular nuclei connectivity with the 
left precuneus as compared to PTSD+DS, with additional increased LVN connectivity 
with the left supramarginal gyrus, precentral gyrus, middle temporal gyrus and middle 
frontal gyrus as compared to PTSD+DS (BA 6) (Table 3.2). 
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Table 3.2  Between-Group LVN and RVN Functional Connectivity Patterns 
Contrast L
R 
B
A 
Region K vFWE Z MNI 
Coordinates 
   x         y         
z  
PTSD>PTSD+DS 
LVN 
R 40 Angular Gyrus 1970 <0.001 5.88 56 -62 28 
 R 40 Supramarginal 
Gyrus 
 <0.001 5.67 64 -28 28 
 R 39 Middle 
Temporal Gyrus 
 <0.001 5.66 52 -70 18 
 R 37 Inferior 
Occipital Gyrus 
 0.002 5.16 50 -66 -14 
 R 37 Fusiform Gyrus  0.006 4.89 52 -58 -18 
 L 10 Middle Frontal 
Gyrus 
104 0.005 4.90 -
42 
54 14 
 R 10 Middle Frontal 
Gyrus 
364 0.007 4.83 38 54 20 
 R 9 Superior Frontal 
Gyrus 
 0.013 4.70 28 48 38 
 L 40 Supramarginal 
Gyrus 
44 0.010 4.75 -
62 
-28 42 
 R 10 Medial 
Orbitofrontal 
16 0.011 4.74 6 68 -4 
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Cortex 
          
PTSD>PTSD+DS 
RVN 
R 40 Angular Gyrus 1099 0.001 5.40 58 -60 28 
 R 40 Supramarginal 
Gyrus 
 0.001 5.29 66 -28 28 
 R 39 Middle 
Temporal Gyrus 
 0.024 4.56 56 -64 18 
          
PTSD>Ctrl LVN R 39 Angular Gyrus 175 0.048 4.38 56 -62 28 
          
PTSD>Ctrl RVN R 40 Supramarginal 
Gyrus 
187 0.004 4.96 66 -28 30 
          
PTSD+DS>PTSD 
LVN 
  None       
          
PTSD+DS>PTSD 
RVN 
  None       
          
PTSD+DS>Ctrl 
LVN 
  None       
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PTSD+DS>Ctrl 
RVN 
  None       
          
Ctrl>PTSD LVN L 22 Middle 
Temporal Gyrus 
81 0.014 4.68 -
68 
-22 -4 
          
          
Ctrl>PTSD RVN L 41 ROI Analysis* 
Posterior Insula 
51 0.02 3.04 -
52 
-12 10 
          
Ctrl>PTSD+DS 
LVN 
L 40 Supramarginal 
Gyrus 
330 0.006 4.87 -
52 
-26 42 
 L 6 Precentral 
Gyrus 
964 0.008 4.81 -
26 
-20 74 
 L 6 Middle Frontal 
Gyrus 
 0.014 4.69 -
34 
8 62 
 L 21 Middle 
Temporal Gyrus 
92 0.016 4.65 -
68 
-34 -8 
 L 5 Precuneus 252 0.023 4.56 -2 -36 56 
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Ctrl>PTSD+DS 
RVN 
L 5 Precuneus 3612 0.023 4.57 -4 -36 -56 
Post-hoc two-sample t-tests based on full-factorial analysis (reported at family-wise error 
whole-brain voxel-corrected at p<.05, k=10). Peak coordinates without k (cluster size) 
values listed are subpeaks of the nearest k value listed above. *ROI analysis is adjusted 
for multiple comparisons and is reported at vFWE p ≤ 0.025, k=10. 
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; Ctrl, healthy controls; LVN, left vestibular nuclei; 
RVN, right vestibular nuclei; L, left hemisphere; R, right hemisphere; BA, Brodmann 
Area; k, Cluster Size; vFWE, family-wise error voxel-corrected 
3.3.3.3 Between-Seed Region Functional Connectivity 
Functional connectivity patterns between region-of-interest differences demonstrated 
greater PTSD+DS RVN connectivity with the bilateral superior frontal gyrus (BA 10), 
middle frontal gyrus (BA 8), and the inferior frontal triangularis as compared to LVN 
functional connectivity patterns (Table III). In addition, greater RVN functional 
connectivity was observed with the left middle temporal gyrus and the superior temporal 
pole as compared to LVN in PTSD+DS (Table 3.3). LVN and RVN regions-of-interest 
differences were not observed in PTSD and controls. 
Table 3.3 LVN versus RVN Functional Connectivity Within Participant Groups  
Contrast L
R 
B
A 
Region k pFWE Z MNI 
Coordinates 
   x         y         z  
PTSD 
LVN>RVN 
  None      
         
PTSD 
RVN>LVN 
  None      
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PTSD+DS 
LVN>RVN 
  None      
         
PTSD+DS 
RVN>LVN 
R 10 Superior 
Frontal Gyrus 
249 0.001 5.30 30 66       0 
 R 38 Superior 
Temporal Pole 
87 0.016 4.58 34 16      -
30 
 L 21 Middle 
Temporal 
Gyrus 
194 0.027 4.44 -58 -30    -
18 
 L 8 Middle Frontal 
Gyrus 
249 0.032 4.40 -38 16      58 
 L 44 Inferior Frontal 
Triangularis 
 0.042 4.33 -56 24      26 
 L 10 Superior 
Frontal Gyrus 
37 0.046 4.31 -12 68        6 
         
Ctrl LVN>RVN   None      
         
Ctrl RVN>LVN   None      
Post-hoc two-sample t-tests based on full-factorial analysis (reported at family-wise error 
whole-brain voxel-corrected at p<.05, k=10). Peak coordinates without k (cluster size) 
values listed are subpeaks of the nearest k value listed above.  
Abbreviations: PTSD, posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; Ctrl, healthy controls; LVN, left vestibular nuclei; 
RVN, right vestibular nuclei; L, left hemisphere; R, right hemisphere; BA, Brodmann 
Area; k, Cluster Size; vFWE, family-wise error voxel-corrected. 
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3.3.3.4 Clinical Measure Correlations with Functional Connectivity 
Patterns in PTSD Patients 
CAPS-IV total scores correlated negatively with the middle frontal gyrus in all PTSD 
patients (both PTSD and PTSD+DS groups) for both LVN [(x: 44, y: 40, z: 30), k=320, 
pFWE=0.013) and RVN [(x: 42, y: 42, z: 30), k=319, pFWE=0.017] functional 
connectivity patterns. In addition, averaged depersonalization/derealization RSDI and 
MDI scores correlated negatively with the right supramarginal gyrus upon ROI analysis 
for the LVN [(x: 54, y: -28, z: 30), k=162, pFWE=0.009] and RVN [(x: 62, y: -38, z: 34), 
k=188, pFWE=0.002] connectivity patterns, respectively. There were no correlations 
observed with other psychological test scores (CTQ, BDI) and clinical state measure 
(STAI).  
3.4 Discussion 
The aim of the present study was to delineate the neural circuitry of the vestibular system 
by examining functional connectivity patterns of the brainstem vestibular nuclei in PTSD 
and its dissociative subtype, as well as in healthy controls during resting-state. The 
cortical areas implicated in the vestibular system neural circuitry overlap with areas 
identified as aberrant during resting-state in previous PTSD literature. We therefore 
predicted that altered neural circuitry in PTSD would be detectable at resting-state as 
vestibular function relies on continuous multisensory input for awareness of one’s own 
position in the gravitational field. Moreover, given the role of the vestibular system in 
integrating proprioceptive input based on both interoceptive and exteroceptive 
multisensory information to inform bodily experience, we predicted that PTSD and its 
dissociative subtype would display unique sensory processing patterns based on their 
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distinctive symptom profiles. On balance, this proved the case.  Specifically, as compared 
to PTSD patients with the dissociative subtype, PTSD patients without the dissociative 
subtype and healthy controls demonstrated increased functional connectivity with key 
vestibular cortical brain regions identified in previous literature [parieto-insular vestibular 
cortex (PIVC) and dorsolateral prefrontal cortex]. Interestingly, whereas controls 
demonstrated increased vestibular nuclei connectivity with the posterior insula as 
compared to PTSD, the PTSD group demonstrated greater connectivity with the right 
temporoparietal junction as compared to both controls and PTSD+DS. These findings 
suggest PTSD patients may display differing multisensory integration patterns that 
influence uniquely vestibular function in PTSD based on the presence of the dissociative 
subtype during resting-state. We discuss these findings in turn.  
3.4.1 Vestibular Nuclei and Parieto-Insular Vestibular Cortex 
Connectivity 
3.4.1.1 Posterior Insula 
Both groups of PTSD patients, as well as healthy individuals, demonstrated bilateral 
vestibular nuclei functional connectivity with the left posterior insula; however, only 
PTSD patients without the dissociative subtype and healthy controls showed bilateral 
functional connectivity with the right posterior insula. Moreover, the control group 
showed increased RVN connectivity with the posterior insula as compared to the PTSD 
group. Here, the posterior insula is critical to one’s interoceptive awareness as 
multimodal sensory integration of afferent stimuli is essential for physiological 
homeostasis to maintain one’s affective state in response to external environmental cues 
and sensory-evoked emotions (Baier et al., 2013; Craig, 2003; Critchley, Wiens, 
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Rotshtein, Öhman, & Dolan, 2004; Flynn, 1999; Wager & Barrett, 2004). Direct 
brainstem vestibular nuclei connectivity with the posterior insula observed in PTSD and 
healthy controls reflects this, as sensory processing can subconsciously integrate both 
exteroceptive and interoceptive information to maintain physiological homeostasis. 
However, decreased RVN connectivity with the left posterior insula observed in PTSD as 
compared to the healthy controls may suggest deficient sensory integration of 
exteroceptive and interoceptive cues, as exteroceptive information relayed from the 
vestibular nuclei to the posterior insula may be subject to the influence of additional 
neural networks involving the posterior insula in relation to PTSD symptomatology. 
Interestingly, Nicholson et al. (2016) observed increased posterior insula connectivity 
with the basolateral amygdala in PTSD patients during rest and postulated its association 
with increased sensory processing during hyperarousal and hypervigilant symptoms, 
which exist irrespective of the presence of a threat present, and would thus be detectable 
during resting-state (Kimble et al., 2014).  Aberrant sensory integration in the PTSD 
group can trigger physiological dysregulation, which may contribute to increased 
sympathetic tone observed in PTSD patients as well as alter a patient’s ability to appraise 
threat (Lipov & Kelzenberg, 2012; Révész et al., 2014; Sbarra & Hazan, 2008; Tsigos & 
Chrousos, 1994).  
PTSD+DS did not demonstrate vestibular nuclei functional connectivity with the 
right posterior insula, perhaps suggesting weakened interoceptive awareness in these 
patients as well, given that additional depersonalization symptoms render one more prone 
to experience emotional detachment and to developing an altered sense of bodily self-
consciousness that can alter the ability to navigate the physical world and integrate 
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sensory stimuli (Frewen et al., 2008; Heydrich & Blanke, 2013; Lanius et al., 2010; 
Lopez, 2013). Interestingly, state depersonalization/derealization symptoms (RSDI) were 
elevated during the resting state scan in PTSD+DS as compared to PTSD. It is therefore 
possible that the emotional detachment these individuals experience may re-direct or 
stagnate overwhelming sensory/emotional input associated with their interpretation of 
surroundings, thus obstructing the vestibular nuclei connectivity with the posterior insula 
(Frewen & Lanius, 2006).  
3.4.1.2 Supramarginal Gyrus 
The temporoparietal junction, which encompasses the supramarginal gyrus, is critical for 
multisensory processing; specifically, the right temporoparietal junction is thought to be 
critical for discriminating between one’s self versus non-self, thereby contributing to 
feelings of body ownership (Blanke & Arzy, 2005; Igelström, Webb, & Graziano, 2015; 
Tsakiris, Costantini, & Haggard, 2008). Both PTSD and healthy controls demonstrated 
vestibular nuclei functional connectivity with the supramarginal gyrus as compared to 
PTSD+DS, which did not demonstrate any connectivity.  
Given the role of the supramarginal gyrus in integrating multisensory information 
in terms of bodily orientation, brainstem vestibular nuclei functional connectivity with 
the supramarginal gyrus observed in healthy individuals aligns with the observation that 
they are less susceptible than patients with PTSD with the dissociative subtype to feelings 
of disembodiment and are thus better able to maintain adequate integration of tactile and 
proprioceptive external cues, a pattern similar to that observed in  PTSD patients without 
the dissociative subtype (Blanke, 2012; Lopez, 2016; Lopez, Halje, & Blanke, 2008; 
Vieweg et al., 2006). Interestingly, the PTSD group demonstrated increased vestibular 
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nuclei functional connectivity with the right suprarmarginal gyrus as well as the right 
angular gyrus, also part of the temporoparietal junction, as compared to healthy 
individuals and PTSD+DS. Recruitment of additional areas of the right temporoparietal 
junction may reflect a greater effort required for PTSD patients to process tactile and 
proprioceptive sensory information pertaining to external cues because of their 
hypervigilance symptoms, which may heighten one’s concern for knowledge of his/her 
own position in gravitational space to fulfill the need to consistently evaluate one’s own 
safety in relation to his/her environment (Engel-Yeger et al., 2013; McFarlane, Weber, & 
Clark, 1993; Porges, 2011).  In contrast, the depersonalization/derealization symptom 
profile observed in PTSD+DS may be responsible for altered processing of tactile and 
proprioceptive sensory information, as deficient functional connectivity between the 
vestibular nuclei and the supramarginal gyrus can compromise proper assessment of 
one’s own bodily orientation in space. This may also contribute to elevated RSDI -
depersonalization/derealization symptoms observed during the resting-state scan in 
PTSD+DS patients, as compared to PTSD and controls (Blanke, 2012; Serino et al., 
2013), where previous studies have also linked altered right supramarginal gyrus function 
to provocation of out-of-body experiences, which may be related to depersonalization 
experiences in the dissociative subtype of PTSD (Blanke, Ortigue, Landis, & Seeck, 
2002; Lopez, Halje, & Blanke, 2008; Lopez, 2013; De Ridder, Van Laere, Dupont, 
Menovsky, & Van De Heyning, 2007). Additional clinical resting-state measures also 
revealed significantly higher state anxiety clinical measures in PTSD+DS as compared to 
healthy controls during the resting-state scan, which itself has been suggested to intensify 
depersonalization/derealization symptoms in those with vestibular dysfunction (Kolev, 
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Georgieva-Zhostova, & Berthoz, 2014) . Future research is warranted to principally 
investigate the role of anxiety on vestibular function and its relation to symptoms of 
depersonalization/derealization.  
3.4.2 Vestibular Nuclei and Dorsolateral Prefrontal Cortex 
Functional Connectivity 
PTSD and healthy individuals demonstrated significant functional connectivity with the 
prefrontal cortex, particularly with the dorsolateral prefrontal cortex (BA 8, 9, 46). De 
Waele and colleagues (2001) suggested that vestibular nerve stimulation leads to 
egomotion processing at the level of the prefrontal cortex thus facilitating planning for 
motor responses in response to disruptions in balance (both voluntary and involuntary) 
and contributing to knowledge of one’s own physical equilibrium. Here, PTSD seed-
based functional connectivity correlations also revealed that increased CAPS-IV scores 
negatively correlated with prefrontal cortex functional connectivity, as increased PTSD 
symptom severity may compromise one’s ability to properly integrate exteroceptive and 
interoceptive information relating one’s own position in gravitational space (see Figure 
3.3). Critically, within group, PTSD+DS did not demonstrate connectivity with any area 
of the prefrontal cortex, and PTSD demonstrated greater LVN connectivity with the 
dorsolateral prefrontal cortex (BA 9) as compared to PTSD+DS. Symptoms of 
disembodiment and vestibular dysfunction may therefore hinder the ability to conduct 
ego-motion processing and may contribute to gait unsteadiness reported previously in 
dissociative conversion disorders (Holmes et al., 2005; Janet, 1907). Interestingly, Janet 
(1889) proposed that following intense trauma, psychological disorganization 
(“déagréation psychologique”) can lead to altered states of consciousness that manifest as 
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somatic symptoms (Gottlieb, 2003; Janet, 1889), which may not be limited to feelings of 
disembodiment as have been discussed in relation to altered states of consciousness 
associated with PTSD (Frewen & Lanius, 2015). 
 
 
 
 
 
 
 
 
 
Figure 3.3 Multisensory Integration. Multisensory integration is thought to be 
dependent upon exteroceptive and interoceptive processing, as vestibular 
multisensory input pertaining to one’s awareness in gravitational space requires 
understanding of both the physical and mental self to navigate through the 
physical world with appropriate context of one’s surroundings. Here, PTSD 
patients with and without the dissociative subtype seem to display unique neural 
connectivity patterns involving key structures for sensory processing as compared 
to healthy controls based on their distinctive symptom profiles. 
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3.4.3 Limitations and Future Directions 
Several limitations of this study need to be considered. First, previous studies have 
reported gender-related differences during resting state in healthy individuals (Gur et al., 
1995; Tian, Wang, Yan, & He, 2011), but see also (Damoiseaux et al., 2006; Weissman-
Fogel, Moayedi, Taylor, Pope, & Davis, 2010). Future studies should therefore explore 
the gender-specific neural circuitry of the vestibular system in relation to trauma. 
Secondly, although the data has been corrected for general effects of heart rate through 
filtering grey matter frequencies, this may not fully account for the physiological 
influence on the BOLD signal [e.g., EEG, COMPCOR (Behzadi, Restom, Liau, & Liu, 
2007), RETROICOR (Glover, Li, & Ress, 2000)]. Future studies investigating the 
brainstem should therefore explore optimal methods of correcting for physiological noise 
as the brainstem is comprised of a unique grey and white matter distribution. Thirdly, this 
study was only powered to examine brainstem vestibular nuclei functional connections 
with the whole brain; however, further investigation of the influence of the parieto-
insular vestibular cortex on its neural correlates and vice-versa, is required to eventually 
assist in delineating the neural circuitry underlying the vestibular system in PTSD using 
dynamic causal modelling. In addition, we intend to further explore the effect of task-
based fMRI paradigms on the vestibular network in post-traumatic stress disorder to 
delineate how conscious multisensory information processing affect vestibular function. 
Moreover, future research is warranted to explore other aspects of the vestibular system, 
such as the vestibular link with anxiety symptoms, and its role in autonomic regulation 
addressed in previous studies (Balaban, 1999; Biaggioni, Costa, & Kaufmann, 1998). 
Finally, the present study did not identify a right-dominant hemispheric laterality 
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component to the vestibular system as described in previous studies (Bottini et al., 2001; 
Fasold et al., 2002). Future studies should therefore investigate whether this absence of 
laterality is more pronounced in PTSD patients, or, alternatively, whether hemispheric 
laterality is greater under experimental conditions as compared to resting-state 
conditions.  
3.4.4 Conclusions 
On balance, the current findings lay the groundwork for future studies examining the 
vestibular system in PTSD and its dissociative subtype, where alterations in one’s 
interoceptive awareness and sense of bodily orientation can compromise multisensory 
integration of vestibular signals critical for understanding one’s relationship with his/her 
surroundings. Moreover, PTSD symptom severity negatively correlated with prefrontal 
cortex functional connectivity, as well as between clinical dissociative measures and the 
right supramarginal gyrus connectivity. Taken together, these findings suggest altered 
multisensory integration patterns in PTSD patients may distort the intricate relationship 
between one’s surroundings, interoceptive awareness and bodily self-consciousness. This 
disruption may, in turn, compromise vestibular function and contribute to the 
neurophenomenology of the unique symptom profiles observed in PTSD and its 
dissociative subtype. Decreased vestibular functional connectivity with the posterior 
insula in PTSD patients as compared to healthy individuals suggest a weakened 
interoceptive awareness, which may impair one’s attunement with his/her surroundings 
and promote hypervigilance symptoms to consistently evaluate one’s own safety in 
his/her environment. Moreover, limited vestibular functional connectivity with key 
vestibular cortical regions (parieto-insular vestibular cortex, dorsolateral prefrontal 
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cortex) in the PTSD dissociative subtype as compared to PTSD and healthy controls 
suggests that depersonalization/derealization and emotional numbing symptoms may 
further intensify vestibular dysfunction. This dysfunction may, in turn, hinder one’s 
cognitive capability to integrate multisensory information and, ultimately, facilitate 
disengagement from one’s environment. Hence, there is an urgent need to study the 
neural circuitry of the vestibular system in PTSD patients, an effort that may be critical 
not only to further delineating the neural underpinnings of PTSD symptomatology but to 
identifying psychotherapeutic interventions that target symptoms of interoceptive 
awareness and disembodiment related to vestibular dysfunction.  
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Chapter 4  
4 « PTSD and its dissociative subtype through the lens of 
the insula: Anterior and posterior insula resting-state 
functional connectivity and its predictive validity using 
machine learning» 
The vestibular system is consistently activated, even during rest, to maintain one’s 
awareness of his/her position in gravitational space. It relays exteroceptive and 
interoceptive sensory information from the brainstem to the parieto-insular vestibular 
cortex, a region spanning the temporoparietal junction and the posterior insula, to 
maintain both physical equilibrium and physiological homeostasis. While the decreased 
vestibular nuclei connectivity with the posterior insula observed in individuals with 
PTSD as compared to healthy individuals (Chapter 3) suggests weakened interoceptive 
awareness among traumatized individuals, these findings also offer critical insight into 
how exteroceptive sensory processing may be negatively impacted in the PTSD 
dissociative subtype. In addition, in Chapter 3, individuals with the dissociative subtype 
demonstrated limited brainstem vestibular nuclei connectivity with the temporoparietal 
junction, an area linked previously to depersonalization and identified as crucial for 
understanding one’s own self-location in space. Moreover, individuals with the 
dissociative subtype showed limited vestibular nuclei connectivity with the dorsolateral 
prefrontal cortex, a brain region critical to multisensory integration of vestibular signals. 
These neural aberrations may have further cascading effects on key higher-order 
cognitive functions, including emotion regulation. Here, the insula is thought to be 
critical to emotion processing, where it is believed to assist in identifying emotional 
feeling states that underlie viscerosensory input to the cortex. It is therefore critical to 
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investigate patterns of insula subregion neural connectivity in an effort to delineate the 
neural signatures that may contribute to emotion dysregulation observed in PTSD. 
Chapter 4 has been published in its entirety as: 
Harricharan, S., Nicholson, A.A., Thome, J., Densmore, M., McKinnon, 
M.C.M.,Theberge, J., Frewen, P.A., Neufeld, R.W.J., & Lanius, R. A. (2019). PTSD and 
its dissociative subtype through the lens of the insula: Anterior and posterior insula 
resting-state functional connectivity and its predictive using machine 
learning. Psychophysiology, in press. https://doi.org/10.1111/psyp.13472 
4.1 « Introduction » 
Posttraumatic stress disorder (PTSD) is characterized by emotion dysregulation, 
including prominently states of reliving and of hypervigilance, which are thought to be 
mediated, in part, by decreased prefrontal inhibition on limbic (e.g., amygdala) and 
brainstem (e.g., periaqueductal grey) regions (Fenster, Lebois, Ressler, & Suh, 2018; 
Lanius et al., 2010; Shalev, Liberzon, & Marmar, 2017; Yehuda et al., 2015; Corrigan, 
Fisher, & Nutt, 2011; Lanius et al., 2010; Litz, 1992; Nicholson et al., 2017). By contrast, 
the dissociative subtype of PTSD (PTSD+DS) is associated with symptoms of 
depersonalization and derealization and concomitant emotional detachment (Daniels, 
Frewen, Theberge, & Lanius, 2016; Lanius et al., 2010; Melara, Ruglass, Fertuck, & 
Hien, 2018; Sierra & Berrios, 1998), which is thought to be mediated by increased top-
down prefrontal inhibition on limbic and brainstem regions (Nicholson et al., 2017). 
Notably, brain connectivity patterns consistent with emotion dysregulation in PTSD and 
its dissociative subtype are present even at rest (Harricharan et al., 2016; Nicholson et al., 
2016; Nicholson et al., 2017; Thome et al., 2016). Indeed, the prefrontal cortex, as well as 
subcortical limbic and brainstem regions have been described as central to the neural 
underpinnings of emotion dysregulation in PTSD; however, more recent work has sought 
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to expand this neurobiological framework through identification of other structures 
critical to emotion processing, including the insula (Etkin & Wager, 2007; Nicholson et 
al., 2016; Stark et al., 2015; Stein, Simmons, Feinstein, & Paulus, 2007).  
The insula is thought to be central to the processing of emotional feeling states 
(Chang, Yarkoni, Khaw, & Sanfey, 2013; Couto et al., 2013; Craig, 2002), where this 
region is well situated as an intermediary structure between subcortical brain regions that 
receive visceral sensations from within the body and frontal lobe regions that help 
determine the affective and motivational significance underlying these sensations. 
Notably, the insula is parcellated into posterior, mid and anterior subregions, each unique 
in function and working in tandem to identify emotional feeling states (Chang et al., 
2013; Couto et al., 2013; Craig, 2002; Craig, 2009). Specifically, the posterior insula aids 
in recognizing internal changes within the body and is thought to receive affective input 
from thalamic, limbic and brainstem structures (Craig, 2009). By contrast, the mid-insula 
is an intermediary structure that interacts with both anterior and posterior portions of the 
insula to aid in translating visceral sensory input to structures involved in emotion 
processing (Craig, 2009). Finally, the anterior insula is thought to assist in identifying 
emotional states underlying visceral sensations, and interacts with higher-order frontal 
brain regions to develop a subjective evaluation of one’s own social and emotional 
interactions with the environment (Craig, 2009).  
In addition to these functional subregions, the dorsal and ventral aspects of the 
insula are thought to play distinct roles in evaluating subjective information (Cloutman, 
Binney, Drakesmith, Parker, & Lambon Ralph, 2012; Craig, 2002; Kurth, Zilles, Fox, 
Laird, & Eickhoff, 2010; Liotti et al., 2000; Simmons et al., 2013). Whereas the ventral 
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insula appears to assist with the emotion processing of incoming sensory information, the 
dorsal insula shapes the direction of goal-oriented action in response to salient 
information requiring higher-order sensorimotor processing (Simmons et al., 2009).  
Notably, the insula’s involvement in emotion and social processing relies not only 
on activation of this region but also on its wider connectivity to functional neural 
networks (Couto et al., 2013). Here, the insula is thought to modulate two resting-state 
networks: (1) an anterior insula-based network that works in tandem with the anterior 
cingulate cortex to influence brain regions in both the default-mode network, involved in 
introspection, and in the central executive network, involved centrally in emotional 
appraisal (Akiki et al., 2018; Bressler & Menon, 2010; Cauda et al., 2011; Chen et al., 
2013; Fox et al., 2005; Simmons et al., 2013); and (2) a posterior insula-based network 
that maintains connections with sensorimotor areas involved in environmental monitoring 
(e.g., pre- and post-central gyri, and the mid-cingulate) (Deen, Pitskel, & Pelphrey, 2011; 
Simmons et al., 2013; Taylor, Seminowicz, & Davis, 2009). Moreover, the insula, the 
ventral frontoparietal areas (e.g., the inferior frontal gyrus and the temporoparietal 
junction), and the subcortical structures form a right-lateralized ventral attention network 
that is thought to mediate bottom-up attentional processes and salience processing 
(Corbetta, Patel, & Shulman, 2008; Frank & Sabatinelli, 2012). Notably, this network 
shows hyper-connectivity during rest in healthy individuals under stress (Soares et al., 
2013).  
Numerous studies describe hyperactivation of the insula among individuals with 
PTSD exposed to negative or trauma-related stimuli (Bremner et al., 2003; Etkin & 
Wager, 2007; Germain et al., 2013; Hopper, Frewen, Van Der Kolk, & Lanius, 2007; 
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Shin et al., 2001) and during the anticipation of negative events (Aupperle et al., 2012; 
Simmons et al., 2008). Paulus & Stein (2006) postulate that this observed pattern of 
insular hyperactivity may relate, in part, to overactive threat detection mediated by limbic 
structures, resulting together in the hypervigilance and avoidance symptoms observed 
among individuals with PTSD. Interestingly, Hopper et al. (2007) reported that 
hyperactivation of the right anterior insula correlated positively with state re-experiencing 
scores and negatively with state dissociation scores, suggesting that dissociative 
symptoms may alter the insula’s capacity to engage in processing emotional feeling 
states. Moreover, a pilot study examining functional connectivity between subregions of 
the insula and the amygdala during resting-state in PTSD and its dissociative subtype 
found increased insula connectivity with the basolateral amygdala when patients with 
PTSD+DS were compared to PTSD and healthy individuals (Nicholson et al., 2016). 
However, the study was performed on a smaller sample size and was powered to examine 
functional connectivity between insular subregions and the amygdala only. Taken 
together, the insula shows not only altered activation and connectivity as a function of 
dissociation, but also serves as a central hub that mediates other larger-scale 
neurocognitive networks (Chang et al., 2013; Diekhof, Geier, Falkai, & Gruber, 2011; 
Kober et al., 2008; Kohn et al., 2014; Menon & Uddin, 2010; Seeley et al., 2007). As 
such, it appears critical to examine whole brain resting-state insula subregion 
connectivity in an effort to elucidate further the neural networks underlying PTSD and its 
dissociative subtype.  
Accordingly, we examined insula subregion resting-state functional connectivity 
patterns in PTSD, its dissociative subtype (PTSD+DS), and healthy controls, using a 
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seed-based approach that allowed for the examination of whole brain neural connectivity. 
Subsequently, these data were inputted into machine learning algorithms to assess the 
predictive validity of insula subregion resting-state functional connectivity patterns in 
discriminating between individuals with PTSD, PTSD+DS, and healthy controls. We 
hypothesized that individuals with PTSD, characterized predominantly by sustained 
hypervigilance and hyperarousal symptoms, would show increased insula subregion 
resting-state functional connectivity with subcortical and limbic structures. By contrast, 
we hypothesized that individuals with the dissociative subtype, characterized 
predominantly by emotional detachment, including depersonalization and derealization, 
would exhibit limited insula subregion functional connectivity with subcortical structures 
involved in hyper-emotionality. Finally, we predicted that univariate group differences 
would translate into high predictive accuracy when classifying individual subjects via 
multivariate machine learning algorithms based on insula subregion functional 
connectivity.  
4.2 Methods 
4.2.1 Clinical and Demographic Information 
One-hundred and eighty-four participants, including 84 PTSD patients (PTSD), 49 PTSD 
patients with the dissociative subtype (PTSD+DS), and 51 healthy controls were included 
in the study. Participants were recruited to the study from 2009-2018 through referrals 
from family physicians, mental health professionals, psychology/psychiatric clinics, 
community programs for traumatic stress, and posters/advertisements within the London, 
Ontario community. 
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 A primary PTSD diagnosis was determined using the Clinician-Administered 
PTSD Scale [CAPS; versions IV (for 156 participants) and 5 (for 28 participants); CAPS 
IV: cut-off score > 50 (Blake et al., 1995); CAPS-5: no cut-off score is used for the 
DSM-5 version (Weathers et al., 2013)]. Individuals meeting the criteria for the 
dissociative subtype scored at least two in frequency and intensity on the CAPS-IV scale, 
or at least two in symptom severity on the CAPS-5 scale for depersonalization and/or 
derealization symptoms [as per previous studies (Harricharan et al., 2017; Rabellino et 
al., 2018; Terpou et al., 2018)]. For all participants, the SCID was administered 
(Structured Clinical Interview for DSM-IV Axis-I disorders; First, Spitzer, Gibbon, & 
Williams, 2002), along with a battery of questionnaires: Beck Depression Inventory 
(BDI; Beck, Guth, Steer, & Ball, 1997), Child Trauma Questionnaire (CTQ; 87% of all 
PTSD patients had histories of childhood trauma, confirmed if patient scored above the 
‘none/minimal’ threshold for any trauma category according to the CTQ scoring manual; 
Bernstein & Fink, 1998), as well as the Multiscale Dissociation Inventory (MDI; Briere, 
Weathers, & Runtz, 2005).  
 Clinical and demographic information are detailed in Table 1. Participant groups 
were age- and sex- matched. Age differences were assessed via a one-way ANOVA and a 
Pearson’s chi-square was performed to calculate sex differences across all three 
participant groups. A Kruskal-Wallis analysis was performed followed by post-hoc 
Games-Howell comparisons to assess nonparametric psychological measures (CAPS, 
BDI, CTQ, and averaged depersonalization and derealization MDI scores) and 
significance across groups (Kruskal & Wallis, 1952).  
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 Participants were excluded if they could not adhere to the safety regulations 
required for the 3.0 T scanner, including metal implants, previous head trauma associated 
with a period of unconsciousness, current or past history of neurological disorders, 
significant untreated medical illness, and/or pervasive developmental mental disorders. 
Additional exclusion criteria for PTSD patients included current or past history of bipolar 
or psychotic disorders, or if patients had alcohol/substance dependency or abuse for at 
least six months prior to participation in the study, as determined by the SCID. Control 
participants were screened for prior trauma exposure and were excluded if lifetime 
criteria were met for any DSM-IV Axis-I psychiatric disorder. If eligible, subjects 
provided written informed consent to participate in the study1. All scanning was 
conducted in London, Ontario, Canada at either Robarts Research Institute’s Center for 
Functional and Metabolic Mapping or Lawson Health Research Institute. The study was 
approved by the Research Ethics Board at Western University of Canada. 
 Table 4.1 Clinical and Demographic Information 
 
1
 No eligible participants were subsequently excluded from the study nor did any of the 
participants drop out over the course of the study. 
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Measure PTSD PTSD+DS Controls 
N 84 49 51 
Age 39.3 ± 11.9 4.0 ± 13.6 35.0 ± 11.0 
Sex M = 38, F = 46 M = 11, F = 38 M = 17, F = 34 
CAPS-IV Total (n =156) 67.9 ± 13.4 
(n = 75) 
81.6 ± 12.7 
(n = 30) 
0.6 ± 2.7 
(n = 51) 
CAPS-5 Total (n =28) 36.3 ± 9.6 
(n = 9) 
42.8 ± 6.3 
(n = 19) 
n/a 
 
CTQ – Total 56.1 ± 23.0 69.0 ± 18.9 32.3 ± 9.1 
BDI 23.2 ± 8.3 34.9 ± 11.7 1.0 ± 2.0 
MDI – Total 53.7 ± 14.8 79.7 ± 21.0 34.0 ± 4.0 
MDI – 
Depersonalization 
6.7 ± 2.6 12.6 ± 5.3 5.2 ± 0.6 
MDI – Derealization 8.5 ± 3.2 13.0 ± 4.0 5.2 ± 0.6 
MDD n = 12(24) n = 23(9) - 
Panic 
Disorder/Agoraphobia 
n = 10(6) n = 9(6) - 
Social Phobia n = 2(2) n = 6(0) - 
OCD n = 3(2) n = 0(2) - 
GAD n = 1(0) n = 0(0) - 
STAI 5.7 ± 2.2 6.2 ± 2.5 3.3 ± 0.6 
CADSS 3.7 ± 1.2 4.7 ± 2.9 3.1 ± 0.5 
RSDI-Dissociation 3.6 ± 1.4 4.9 ± 2.0 2.7 ± 0.6 
RSDI-Emotional 
Distress 
3.1 ± 1.4 3.5 ± 1.6 2.3 ± 0.6 
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Age, sex, CAPS, self-report questionnaires (CTQ, MDI, BDI), and state clinical measures 
taken during the scan (STAI, CADSS, RSDI) are reported as mean ± SD. Psychiatric 
disorders assessed via SCID-I (MDD, Panic Disorder/Agoraphobia, Social Phobia, OCD 
and GAD) are reported in frequencies, as n = current (past) cases.  
Abbreviations: PTSD, posttraumatic stress disorder; PTSD + DS, posttraumatic stress 
disorder with the dissociative subtype; M, Males; F, Females; CAPS, Clinician-
Administered PTSD Scale (CAPS-IV = version 4; CAPS-5 = version 5); CTQ, Child 
Trauma Questionnaire; BDI, Beck Depression Inventory; MDI, Multiscale Dissociation 
Inventory; MDD, Major Depression Disorder; OCD, Obsessive Compulsive Disorder; 
GAD, Generalized Anxiety Disorder; STAI, State Trait Anxiety Inventory; CADSS, The 
Clinician-Administered Dissociative States Scale; RSDI, Responses to Script-Driven 
Imagery Scale. 
4.2.2 Data Acquisition 
Whole-brain fMRI (functional magnetic resonance) data were collected in a 3.0 T 
scanner (Magnetom Tim Trio, Siemens Medical Solutions, Erlangen, Germany) with a 
32-channel phased array head coil. BOLD (blood oxygen level dependent) fMRI data 
were collected using a manufacturer’s standard gradient-echo planar imaging (EPI) pulse 
sequence (single-shot, blipped-EPI) with an interleaved slice acquisition order per the 
following specifications: Time Resolution (TR) = 3000 ms, Echo Time (TE) = 20 ms, 
voxel size = 2 × 2 × 2 mm3, Field of View (FOV) = 192 × 192 × 128 mm3 (94 × 94 
matrix, 64 contiguous slices), and Flip Angle (FA) = 90°. High-resolution T1-weighted 
anatomical images were also collected (MPRAGE: 192 slices, voxel size = 1 × 1 × 1 
RSDI-Reliving 
Experiences 
2.9 ± 1.2 3.3 ± 1.5 2.1 ± 0.3 
RSDI-Visceral 
Sensations 
3.5 ± 1.2 3.8 ± 1.7 2.5 ± 0.9 
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mm3). For the resting-state procedure, participants were instructed to close their eyes and 
let their minds wander while trying not to focus on anything in particular for 6 minutes, 
as per standard methods (Bluhm et al., 2009; Fransson, 2005; Harricharan et al., 2016). 
Immediately following, the on-site research coordinator confirmed with all participants 
that they remained awake during the resting-state scan. In addition, The Responses to 
Script-Driven Imagery Scale (RSDI; Hopper et al., 2007), State-Trait Anxiety Inventory 
(STAI; Spielberger, 2010), and the Clinician-Administered Dissociative States Scale 
(CADSS; Bremner et al., 1998) questionnaires were administered after the scan to assess 
the participants’ self-reported state clinical symptoms experienced during the scan. 
Consistent with psychological measures collected prior to the scan, Kruskal-Wallis 
analyses with post-hoc Games-Howell comparisons were also performed on participants’ 
responses to post-scan questionnaires. 
4.2.3 Resting-State fMRI Data Preprocessing 
Image preprocessing and statistical analyses were performed using statistical parametric 
mapping software (SPM12, Wellcome Trust Center for Neuroimaging, London, UK: 
https:// www.fil.ion.ucl.ac.uk/spm; RRID:SCR_007037) within MATLAB 8.6 (R2015b, 
Mathworks Inc., MA; RRID:SCR_001622). Preprocessing was performed according to 
the default instructions provided in the updated SPM12 manual. The functional images 
for each subject were realigned to the first functional image and resliced. The resulting 
mean functional image was co-registered to the T1-weighted anatomical image template 
to spatially realign BOLD data with the subject’s anatomical space. The co-registered 
images were segmented using the “New Segment” method implemented in SPM12, 
which uses T2-weighted and PD-weighted scans when generating tissue probability 
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maps. The functional images were normalized to an MNI (Montréal Neurological 
Institute) template using the forward deformation field and were subsequently smoothed 
with a three-dimensional isotropic Gaussian kernel of 6 mm FWHM (full-width at half-
maximum) (Wang et al., 2018). Motion regressors were created with Artifact Removal 
Tool (ART) software (version 2015-10; Gabrieli Lab, McGovern Institute). 
4.2.4 fMRI Statistical Analyses 
4.2.4.1 Within-Subject Analysis 
A within-subject multiple regression model was used to derive insula functional 
connectivity patterns for each subject. For each subject, this model included the mean 
signal intensity time course for the resting-state scan, with ART motion outliers used as 
regressors-of-no-interest. The seed regions-of-interest were defined via the Brainnetome 
atlas (Fan et al., 2016), which parcellates the insula into 12 regions based on its 
subregions (anterior, mid, posterior), axes (dorsal, ventral) and hemispheres (left, right). 
Seed time courses were generated using REST software (RRID:SCR_009641; Song et 
al., 2011). A mean signal intensity time course was generated for each seed region-of-
interest, which was subsequently used in a voxel-wise approach to calculate positive 
correlations between each insula parcellation with other voxels of the whole-brain. 
4.2.4.2 Between-Subject Analysis 
We conducted a 3 x 12 full-factorial analysis of variance (ANOVA) that principally 
focused on the interaction between participant groups (PTSD+DS, PTSD and healthy 
controls) and the 12 parcellations of the insula. Post-hoc two-sample t-tests were used to 
evaluate differences in functional connectivity patterns between participant groups with 
regard to parcellations of the insula. To determine significant peak coordinates, a whole-
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brain family-wise error (FWE) corrected threshold using voxel-wise inference (pFWE < 
.05, k = 10) was set for the ANOVA interactions, main effects, and all post-hoc analyses. 
Similarly, all seed-based analysis correlations performed with self-reported psychological 
measures collected at the time of scanning (RSDI, STAI, CADSS - used to assess 
symptoms at time of scanning) and prior to scanning (CAPS, CTQ, MDI, BDI) were 
evaluated at the same voxel-wise pFWE < .05, k = 10 threshold. Separately, we 
conducted a 3 x 2 x 2 x 3 full factorial ANOVA, which grouped parcellations of the 
insula together based on additional factors, including (1) hemisphere (left and right); (2) 
axis (dorsal and ventral); and (3) subregions (anterior, mid, posterior). This analysis was 
performed to examine more closely how each factor interacts with the others and with the 
factor of group. For brevity, this analysis is included in Appendix C. Seed-based analysis 
correlations with self-reported psychological measures used to assess state symptoms at 
the time of scanning (RSDI, STAI, CADSS) and trait symptoms prior to scanning 
(CAPS, CTQ, MDI, BDI were performed in both the PTSD and PTSD+DS groups 
(significant peak coordinates were evaluated at the same voxel-wise pFWE < .05, k = 10 
threshold). Although the Brainnetome atlas was used to parcellate the insula into its 
subregions (not captured in the AAL atlas and MNI2Tal atlas), brain regions from the 
results of the seed-based analysis were identified using the AAL atlas (Tzourio-Mazoyer 
et al., 2002) via xjview software (https://www.nitrc.org/projects/xjview), the MNI2Tal 
atlas (https://bioimagesuite.yale.edu/mni2tal; Lacadie, Fulbright, Constable, & 
Papademetris, 2008), and visual inspection using an additional anatomical atlas 
(Montemurro & Bruni, 1988).  This approach is consistent with our previous studies 
(Harricharan et al., 2016; Rabellino et al. 2018; Terpou et al., 2018). 
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4.2.5 Multiclass Gaussian Process Classification Machine 
Learning 
A Multiclass Gaussian Process Classification (MGPC) machine learning analysis was 
carried out using the Pattern Recognition for Neuroimaging Toolbox (PRoNTo; Schrouff 
et al., 2013; 2018) within SPM12. Here, MGPC is able to predict group classification 
across multiple classes using fMRI feature sets (Rasmussen et al., 2006; Schrouff et al., 
2013; 2018). We employed MGPC using a resting-state design with no conditions, in 
order to calculate a supervised pattern of classification that discriminates multiple clinical 
samples (PTSD+DS, PTSD and healthy controls) based on insula resting-state functional 
connectivity patterns. We performed MGPC analyses using 8 of the insula seed ROI 
maps (left/right, dorsal/ventral anterior and posterior insula) as input modalities, in which 
we applied the DARTEL (Ashburner, 2007) gray matter mask. A feature set was built 
using first-level spatial maps of insula seed connectivity patterns that were mean-
centered, where individual kernels were built for each of the 8 seed maps. These spatial 
maps were later concatenated during the MGPC computation.  In order to assess 
generalizability, we conducted a leave-one-subject-out cross-validation procedure. The 
MGPC analysis was evaluated using balanced accuracy measures in order to account for 
differences in group size (Schrouff et al., 2018). Statistical significance of these measures 
was determined by way of permutation testing (n = 1000; p < .012). Using the Automated 
Anatomical Labeling (AAL) brain atlas, weights for each anatomical region were 
computed in order to illustrate the regional pattern of decision function weights used by 
the machine to classify each group (Haufe et al., 2014; Schrouff et al., 2018).  
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4.3 Results 
4.3.1 Overview 
Overall, healthy controls, PTSD and PTSD+DS showed specific patterns of bilateral 
anterior and posterior insula functional connectivity that were unique to each group. 
Interestingly, however, when considering functional connectivity patterns of dorsal and 
ventral portions of insula subregions between participant groups, such distinctions were 
not consistently observed. A visual depiction of these results is shown in Figure 4.1. 
Specifically, as compared to PTSD and PTSD+DS groups, the healthy control 
group showed increased right anterior and posterior insula connectivity with cortical 
sensorimotor structures in the brain, including the left pre- and post- central gyri. By 
contrast, as compared to PTSD+DS and healthy control groups, the PTSD group showed 
increased bilateral posterior insula connectivity with subcortical limbic and brainstem 
structures, including the left ventral pallidum and the periaqueductal gray. In addition, as 
compared to PTSD and healthy control groups, the PTSD+DS group showed increased 
bilateral posterior insula connectivity with posterior brain regions, specifically with the 
left lingual gyrus, as well as increased right posterior insula connectivity with the left 
precuneus. Finally, the multivariate machine learning analysis using insula subregion 
functional connectivity patterns was able to classify the three participant groups (PTSD, 
PTSD+DS and healthy controls) with 80.4% accuracy. We present a more comprehensive 
description of these results below. 
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Figure 4.1 Summary Figure of Right Ventral Anterior and Posterior Insula Functional 
Connectivity Patterns. This figure provides a visual depiction that summarizes the main 
results of the present study. Here, we observe that, as compared to PTSD and PTSD+DS, 
healthy controls showed increased right ventral anterior and posterior insula connectivity 
with anterior neocortical structures involved in sensorimotor processing, including the 
left pre- and post-central gyri. Conversely, as compared to healthy controls and 
PTSD+DS, PTSD showed limited right ventral anterior insula connectivity with the 
whole-brain. However, PTSD did show increased right ventral posterior insula 
connectivity with the lower-order subcortical limbic and brainstem structures, including 
the left ventral pallidum and the periaqueductal gray, when compared to healthy controls 
and PTSD+DS. By contrast, as compared to healthy controls and PTSD, PTSD+DS 
showed increased right ventral anterior and posterior insula connectivity with posterior 
brain regions, including the left lingual gyrus, the left precuneus and the cerebellum. 
*Reported at family-wise error whole-brain voxel-corrected at pFWE < .05, k = 10 
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4.3.2 Clinical and Demographic Measures 
An ANOVA conducted across the three participant groups (PTSD+DS, PTSD and 
healthy controls) revealed non-significant differences in age [F (2,179) = 2.77, ns], and a 
Pearson’s chi-square test revealed no statistically significant association between sex and 
participant group [X2 (2, N = 184) = 3.55, ns]. Kruskal-Wallis analysis of variance yielded 
significant values (p < .001) for all self-reported trait psychological measures collected 
prior to (CAPS, CTQ, MDI and BDI) and during (RSDI, STAI, CADSS) the scan. Post-
hoc Games-Howell comparisons showed, as compared to the PTSD group, PTSD+DS 
scored significantly higher on trait psychological measures collected prior to the scan 
(CTQ, MDI and BDI; p < .001) and state measures during the scan (RSDI-dissociation 
subscale p < .05). By contrast, scores for STAI and RSDI subscales assessing emotional 
distress, reliving previous traumas, and visceral sensations obtained during the scan did 
not differ between the PTSD and PTSD+DS groups (p < .05). However, all psychological 
measures collected prior to and during the scan in both the PTSD and PTSD+DS groups 
were significantly higher when compared to healthy controls (p < .05). 
4.3.3 Full Factorial Design 
Results from the omnibus 3 x 12 (participant group x insula parcellation) full-factorial 
ANOVA are detailed in the Appendix C. In the present study, we focus our discussion on 
the subsequent post-hoc two-sample t-tests detailing participant group differences (PTSD, 
PTSD+DS, and healthy controls) in functional connectivity patterns among the bilateral 
anterior and posterior insula, including both their dorsal and ventral axes. Given that the 
mid-insula subregion is considered an intermediary structure between the anterior and 
posterior insula subregions (Craig, 2009), we elected to detail mid-insula functional 
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connectivity patterns in Appendix C. In addition, for brevity, one-sample t-tests 
delineating insula functional connectivity within each participant group are listed in 
Appendix C.  
4.3.4 Between-Group Functional Connectivity 
4.3.4.1 Healthy Controls> PTSD and PTSD+DS 
4.3.4.1.1 Anterior Insula 
As compared to the PTSD and PTSD+DS groups, the healthy control group showed 
increased right dorsal/ventral anterior insula connectivity with the left pre- and post-
central gyri (Figure 4.2). In addition, as compared to PTSD group, the healthy control 
group showed increased right ventral anterior insula connectivity with the left 
dorsolateral prefrontal cortex. By contrast, as compared to the PTSD and PTSD+DS 
groups, the healthy control group did not show increased left dorsal and ventral anterior 
insula connectivity with the whole brain. A full description of these results can be found 
in Table 4.2.  
4.3.4.1.2 Posterior Insula 
As compared to both the PTSD and PTSD+DS groups, the healthy control group showed 
increased right ventral posterior insula connectivity with the left postcentral gyrus (Figure 
4.2). In addition, as compared to the PTSD+DS group, the healthy control group showed 
increased right ventral posterior insula connectivity with the left dorsolateral prefrontal 
cortex. A full description of these results can be found in Table 4.2. 
 
 
136 
 
Table 4.2 Healthy Controls versus PTSD and PTSD+DS Insula Subregion Functional 
Connectivity 
Contrast L
R 
B
A 
Region k vFWE Z MNI 
Coordinates 
   x         y         z  
healthy 
controls > 
PTSD 
         
rdAIns L 6 Precentral Gyrus 92 < .001 5.89 -46 0 44 
 L 6 Postcentral 
Gyrus 
138 < .001 5.74 -48 0 24 
          
rvAIns L 6 Precentral Gyrus 156 < .001 6.57 -46 0 44 
 L 6 Postcentral 
Gyrus 
522 < .001 5.89 -48 0 24 
 L 6 Postcentral 
Gyrus 
Of 522 < .001 5.81 -52 -14 36 
 L 6 Precentral Gyrus Of 522 < .001 5.65 -50 0 22 
 L 8 Dorsolateral 
Prefrontal Cortex 
25 .004 5.00 -44 14 36 
          
ldAIns   ns       
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.lvAIns   ns       
          
rdPIns L 22 Superior 
Temporal Gyrus 
503 < .001 6.35 -64 -16 -6 
 L 21 Middle 
Temporal Gyrus 
Of 503 < .001 5.73 -58 -38 -8 
 L 21 Middle 
Temporal Gyrus 
Of 503 < .001 5.60 -60 -24 -10 
 L 6 Postcentral 
Gyrus 
50 < .001 5.52 -58 -8 28 
 L 44 Inferior Frontal 
Gyrus 
33 .004 4.98 -60 12 12 
          
rvPIns L 21 Middle 
Temporal Gyrus 
262 < .001 6.08 -56 -40 -10 
 L 22 Middle 
Temporal Gyrus 
Of 262 < .001 5.65 -60 -24 -10 
 L 37 Middle 
Temporal Gyrus 
Of 262 < .001 5.51 -64 -14 -6 
 L 6 Postcentral 
Gyrus 
27 < .001 5.23 -58 -8 28 
 L 7 Superior Parietal 
Lobule 
66 .002 5.13 -32 -64 58 
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ldPIns   ns       
          
lvPIns R 39 Angular Gyrus 66 < .001 5.39 34 -70 52 
 R 7 Superior Parietal 
Lobule 
Of 66 .004 5.01 26 -74 52 
 L 7 Superior Parietal 
Lobule 
93 .001 5.25 -30 -66 58 
 L 7 Superior Parietal 
Lobule 
152 .002 5.21 -18 -72 52 
          
healthy 
controls > 
PTSD+DS 
         
rdAIns L 6 Precentral Gyrus 267 < .001 569 -40 -2 32 
 L 6 Precentral Gyrus Of 267   < .001 5.46 -40 -6 42 
 L 6 Precentral Gyrus Of 267 < .001 5.42 -42 2 22 
 L 6 Postcentral 
Gyrus 
63 .002 5.22 -48 -16 32 
 L 6 Postcentral 
Gyrus 
45 .003 5.10 -34 -20 42 
 L 24 Mid-Cingulate 26 .003 5.06 -8 -2 44 
139 
 
          
rvAIns L 6 Postcentral 
Gyrus 
376 < .001 5.60 -50 -14 34 
 L 6 Precentral Gyrus Of 376 .001 5.44 -40 -6 42 
          
ldAIns   ns       
          
lvAIns   ns       
          
rdPIns L 37 Middle 
Temporal Gyrus 
77 < .001 5.77 -62 -42 -16 
 R 21 Middle 
Temporal Gyrus 
22 .001 5.26 68 -36 -12 
          
rvPIns L 41 Superior 
Temporal Gyrus 
437 < .001 6.61 -62 -4 4 
 L 6 Precentral Gyrus Of 437 < .001 5.70 -62 12 22 
 L 6 Postcentral 
Gyrus 
Of 437 < .001 5.62 -62 -8 24 
 L 8 Dorsolateral 
Prefrontal Cortex 
88 < .001 6.06 -36 14 38 
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 L 6 Postcentral 
Gyrus 
58 < .001 5.90 -52 -22 30 
 R 6 Precentral Gyrus 37 < .001 5.86 42 -8 36 
 L 4 Central 
Operculum 
51 .002 5.18 -46 -12 18 
          
ldPIns L 22 Superior 
Temporal Gyrus 
47 < .001 6.14 -67 -8 2 
          
lvPIns L 22 Superior 
Temporal Gyrus 
52 < .001 7.10 -64 -8 2 
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Figure 4.2 Healthy Control Insula Subregion Connectivity Patterns. Specifically, as compared to 
PTSD and PTSD+DS, healthy controls showed increased right anterior insula connectivity with 
higher-order sensorimotor processing areas, including the left pre- and post-central gyri. In addition, 
as compared to PTSD and PTSD+DS, healthy controls showed increased right anterior insula 
connectivity with the left dorsolateral prefrontal cortex and the left mid-cingulate cortex, 
respectively. Moreover, as compared to PTSD and PTSD+DS, healthy controls showed increased 
right posterior insula connectivity with the left postcentral gyrus. Furthermore, as compared to the 
PTSD+DS group, healthy controls showed increased right posterior insula connectivity with the left 
precentral gyrus and the left dorsolateral prefrontal cortex. This figure depicts right insula 
connectivity patterns only; however, interestingly, as compared to PTSD and PTSD+DS, healthy 
controls did not show increased left anterior and posterior insula connectivity with higher-order 
sensorimotor processing areas (see Table 2 for full description). *Reported at family-wise error 
whole-brain voxel-corrected at pFWE < .05, k =10 
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4.3.4.2 PTSD>PTSD+DS and healthy controls 
4.3.4.2.1 Anterior Insula 
As compared to the PTSD+DS group, the PTSD group did not show increased bilateral 
dorsal or ventral anterior insula connectivity with the whole brain (Figure 4.3). By 
contrast, as compared to the healthy control group, the PTSD group showed increased 
bilateral dorsal anterior insula connectivity with the right pulvinar thalamic nuclei, as 
well as increased right dorsal anterior insula connectivity with the right hippocampus 
(Figure 4.3). A full description of these results can be found in Table 4.3.  
4.3.4.2.2 Posterior Insula 
As compared to the PTSD+DS and healthy control groups, the PTSD group showed 
increased bilateral dorsal/ventral posterior insula connectivity with the left ventral 
pallidum, as well as increased right dorsal/ventral posterior insula connectivity with the 
periaqueductal gray (Figure 4.3). Moreover, as compared to the healthy control group, the 
PTSD group showed increased bilateral dorsal and ventral posterior insula connectivity 
with the right caudate (Figure 4.3). A full description of these results can be found in 
Table 4.3. 
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Table 4.3 PTSD versus PTSD+DS and Healthy Controls Insula Subregion Functional 
Connectivity 
Contrast LR BA Region k vFWE Z MNI 
Coordinates 
x         y         z 
PTSD > 
PTSD+DS 
         
rdAIns   ns       
          
rvAIns   ns       
          
ldAIns   ns       
          
lvAIns   ns       
          
rdPIns R 10 Mid-Cingulate 
Cortex 
56 < .001 5.46 12 -20 42 
 R 10 Postcentral 
Gyrus 
231 < .001 5.37 34 -16 40 
 R 10 Orbitolateral 
Prefrontal Cortex 
26 .002 5.14 38 60 -2 
 L 51 Pallidum 22 .003 5.12 -20 -6 -6 
          
rvPIns L 36 Parahippocampal 
Gyrus 
279 < .001 6.67 -16 -32 -8 
   Ventral Of 279 < .001 6.05 -22 -26 -6 
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Tegmental Area 
   Periaqueductal 
Gray 
Of 279 .002 5.20 -10 -22 0 
 R 6 Precentral Gyrus 62 < .001 6.51 42 -10 36 
 R 48 Caudate 1011 < .001 6.50 16 8 4 
 L 51 Pallidum Of 
1011 
< .001 6.46 -20 -2 -4 
 R 50 Pulvinar 
Thalamus 
86 < .001 6.07 16 -32 -2 
 L 24 Dorsal Anterior 
Cingulate 
206 < .001 5.63 -2 36 4 
 R  Cerebellar 
Lobule IV 
(Vermis) 
150 < .001 5.82 2 -42 -10 
 L 46 Dorsolateral 
Prefrontal Cortex 
65 < .001 5.42 -50 36 18 
 R 10 Orbitolateral 
Prefrontal Cortex 
105 < .001 5.35 38 58 -2 
 R 24 Mid-Cingulate 
Cortex 
110 < .001 5.32 12 -20 42 
          
          
ldPIns L 51 Pallidum 227 < .001 6.62 -16 6 -2 
 L 51 Pallidum Of 227 < .001 5.75 -22 -4 -2 
 L 38 Temporal Pole 53 < .001 5.94 -56 8 -24 
 R 51 Pallidum 69 < .001 5.77 18 6 2 
          
lvPIns L 38 Temporal Pole 95 < .001 7.74 -58 6 -24 
 L 51 Pallidum 249 < .001 7.09 -14 4 -2 
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 R 50 Pulvinar 
Thalamus 
46 < .001 6.12 16 -32 0 
 R 41 Temporal Pole 27 < .001 5.82 62 2 -22 
 R 50 Anterior 
Thalamus 
64 < .001 5.68 14 8 -2 
          
PTSD > 
healthy 
controls 
         
rdAIns R 50 Pulvinar 
Thalamus 
478 < .001 7.0
0 
20 -32 12 
 R 54 Hippocampus Of 478 .001 5.2
8 
26 -28 -8 
 R 50 Mediodorsal 
Thalamus 
Of 478 .001 4.8
2 
10 -22 18 
          
rvAIns   ns       
          
ldAIns R 50 Pulvinar 
Thalamus 
200 .004 4.9
8 
12 -24 16 
 R 50 Anterior 
Thalamus 
76 .001 5.2
8 
6 2 -4 
          
lvAIns R 50 Anterior 
Thalamus 
81 < .001 5.4
5 
6 2 -4 
          
rdPIns R 48 Caudate 2110 < .001 6.6
1 
10 10 0 
 L 51 Pallidum Of < .001 5.9 -18 0 -6 
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2110 3 
 R 13 Ventral Anterior 
Insula 
86 < .001 5.7
6 
42 16 -10 
   Superior 
Colliculus 
/Periaqueductal 
Gray 
45 < .001 5.3
2 
-2 -38 -2 
          
rvPIns R 48 Caudate 2225 < .001 6.9
4 
10 10 0 
 R 13 Ventral Anterior 
Insula 
Of 
2225 
< .001 6.3
0 
42 18 -10 
 L 49 Putamen Of 
2225 
< .001 6.2
1 
-22 10 -2 
 L 51 Pallidum Of 
2225 
< .001 6.0
6 
-18 -4 0 
 L  Cerebellar 
Lobule III 
195 < .001 5.8
5 
-6 -38 -12 
   Periaqueductal 
Gray 
Of 195 < .001 5.7
7 
-2 -38 -4 
 R  Cerebellar 
Lobule IV 
117 < .001 5.6
2 
20 -34 -22 
   Periaqueductal 
Gray 
27 .002 5.2
2 
-6 -24 -8 
 R 54 Hippocampus 20 .004 5.0
1 
30 -18 -8 
          
ldPIns R 51 Pallidum 1090 < .001 7.3
1 
6 4 -4 
 R 48 Caudate Of 
1090 
< .001 6.6
9 
10 8 4 
 L 50 Anterior Of < .001 5.9 -2 2 -2 
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Thalamus 1090 6 
   Superior 
Colliculus 
/Periaqueductal 
Gray 
26 < .001 5.3
9 
-4 -28 0 
 L 51 Pallidum 100 .002 5.2
2 
-14 4 0 
 L 54 Hippocampus 30 .002 5.2
0 
-26 -34 0 
          
lvPIns R 50 Anterior 
Thalamus 
2943 < .001 7.1
2 
4 2 -4 
 R 49 Putamen Of 
2943 
< .001 6.8
9 
18 6 6 
 R 48 Caudate Of 
2943 
< .001 6.4
2 
8 12 4 
 R 45 Ventrolateral 
Prefrontal 
Cortex 
312 < .001 6.4
0 
54 32 0 
 R 9 Dorsolateral 
Prefrontal 
Cortex 
Of 312 < .001 6.0
1 
56 26 14 
 -  Ventral 
Diencephalon 
230 < .001 5.6
7 
0 -24 -10 
 L  Superior 
Colliculus 
Of 230 < .001 5.4
8 
-4 -34 -6 
 L 51 Pallidum 78 < .001 5.9
4 
-12 6 0 
 L 54 Hippocampus 32  .001 5.2
4 
-34 -26 -12 
 R 47 Inferior Frontal 
Gyrus 
49 .002 5.1
3 
38 22 -10 
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Between group post-hoc two-sample t-tests detailing differences in insula subregion 
functional connectivity patterns between PTSD versus PTSD+DS and healthy controls 
based on the 3 x 12 full-factorial analysis (reported at family-wise error whole-brain 
voxel-corrected at pFWE < .05, k = 10). Cluster sizes (k) listed as “Of x” are subpeaks of 
the nearest “x” k-value listed above. 
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; rdAIns, right dorsal anterior insula; rvAIns, right 
ventral anterior insula; ldAIns, left dorsal anterior insula; lvAIns, left ventral anterior 
insula; rdPIns, right dorsal posterior insula rvPIns, right ventral posterior insula; ldPIns, 
left dorsal posterior insula; lvPIns, left ventral posterior insula; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area; k, Cluster Size; vFWE, family-wise error voxel-
corrected; MNI, Montréal Neurological Institute. 
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4.3.4.3 PTSD+DS>PTSD and Healthy Controls 
4.3.4.3.1 Anterior Insula 
As compared to the PTSD and healthy control groups, the PTSD+DS group showed 
increased right dorsal/ventral anterior insula connectivity with the left lingual gyrus 
(Figure 4.4). A full description of these results can be found in Table 4.4.  
Figure 4.3 PTSD Insula Subregion Connectivity Patterns. Specifically, as compared to healthy 
controls, PTSD showed increased right anterior insula connectivity with the right hippocampus in the 
limbic system and the right pulvinar thalamic nuclei. In addition, as compared to PTSD+DS and 
healthy controls, PTSD showed increased right posterior insula connectivity with the left ventral 
pallidum in the limbic system and with the periaqueductal gray in the midbrain. Moreover, as 
compared to healthy controls, PTSD showed also increased right posterior insula connectivity with 
the right caudate. This figure depicts right insula connectivity patterns only; however, left insula 
patterns showed connectivity with similar regions, including the bilateral pallidum and the 
periaqueductal gray (see Table 3 for full description). *Reported at family-wise error whole-brain 
voxel-corrected at pFWE < .05, k = 10 
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4.3.4.3.2 Posterior Insula 
As compared to the PTSD and healthy control groups, the PTSD+DS group showed 
increased bilateral dorsal/ventral posterior insula connectivity with the left lingual gyrus, 
as well as increased right dorsal/ventral posterior insula connectivity with the left 
precuneus (Figure 4.4). In addition, as compared to the PTSD group, PTSD+DS showed 
increased right ventral posterior insula connectivity with the left superior parietal lobule. 
A full description of these results can be found in Table 4.4.  
Table 4.4 PTSD+DS versus PTSD and Healthy Controls Insula Subregion Functional 
Connectivity 
Contrast L
R 
B
A 
Region k vFWE Z MNI 
Coordinates 
x         y         z 
PTSD+DS > 
PTSD 
         
rdAIns L  Cerebellar 
Lobule II 
122 < .001 5.37 -8 -80 -28 
          
rvAIns L 19 Middle Occipital 
Gyrus 
1789 < .001 5.56 -38 -74 12 
 L 18 Lingual Gyrus 59 .001 5.28 -18 -68 -4 
 L  Cerebellum 
Lobule I 
255 .002 5.18 -34 -72 -26 
          
ldAIns   ns       
lvAIns   ns       
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rdPIns L  Cerebellar 
Lobule II 
3799 < .001 6.75 -6 -80 -28 
 L  Cerebellar 
Lobule I 
Of 
3799 
< .001 6.17 -16 -80 -26 
 L 18 Lingual Gyrus Of 
3799 
< .001 5.97 -16 -68 -4 
 L 40 Supramarginal 
Gyrus 
61 < .001 5.56 -48 -44 22 
 L 23 Posterior 
Cingulate Cortex 
74 < .001 5.45 -12 -54 24 
 L 7 Precuneus 26 .004 5.00 -8 -62 50 
          
rvPIns L 18 Lingual Gyrus 4523 < .001 6.63 -18 -72 -4 
 L 18 Cuneus Of 
4523 
< .001 6.20 -6 -74 18 
 L 19 Inferior Occipital 
Gyrus 
Of 
4523 
< .001 6.18 -40 -72 0 
 L 40 Supramarginal 
Gyrus 
147 < .001 6.24 -50 -44 22 
 L 7 Precuneus 61 < .001 5.50 -10 -60 50 
 L 7 Superior Parietal 
Lobule 
49 < .001 5.31 -30 -52 38 
 L 37 Middle 
Temporal Gyrus 
24 .002 5.17 -48 -58 0 
 R  Cerebellar 
Lobule VI 
31 .002 5.13 36 -70 -22 
          
ldPIns L  Cerebellar 
Lobule I 
805 < .001 6.12 -40 -64 -24 
 L  Cerebellar Of 805 < .001 6.08 -12 -68 -32 
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Lobule IX 
(Uvula) 
 L 18 Lingual Gyrus 425 < .001 6.02 -18 -70 -4 
 L  Cerebellar 
Lobule IV 
(Vermis) 
Of 425 .002 5.19 -6 -64 -10 
 L 19 Fusiform Gyrus Of 425 .004 5.01 -36 -80 -12 
 R 7 Precuneus 110 .001 5.31 12 -64 48 
 R 23 Posterior 
Cingulate Cortex 
31 .003 5.08 10 -54 28 
 R 13 Mid Ventral 
Insula 
22 .004 5.00 48 -4 -4 
          
lvPIns L 18 Lingual Gyrus 17282 < .001 7.35 -18 -72 -4 
 L  Cerebellar 
Lobule I 
Of 
17282 
< .001 7.01 -38 -64 -26 
 L 6 Supplementary 
Motor Cortex 
430 < .001 6.18 -2 -4 60 
 R 6 Premotor Cortex Of 
17282 
< .001 5.89 10 14 68 
 R 22 Temporal Pole 617 < .001 6.14 52 2 -16 
 R 13 Ventral Anterior 
Insula 
Of 617 < .001 5.87 48 12 -8 
 R 6 Premotor Cortex 70 < .001 5.54 22 10 56 
 L 4 Precentral Gyrus 58 < .001 5.44 -4 -28 62 
 L 5 Postcentral 
Gyrus 
104 .001 5.34 -26 -38 60 
 R 21 Middle 
Temporal Gyrus 
92 .001 5.30 60 -32 -12 
 R 21 Inferior Of 92 .002 5.13 54 -38 -16 
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Temporal Gyrus 
 L 6 Precentral Gyrus 117 .001 5.27 -20 -16 70 
 L 6 Premotor Cortex 47 .001 5.23 -12 18 62 
 R 6 Precentral Gyrus 30 .003 5.06 34 -10 54 
          
PTSD+DS > 
healthy 
controls 
         
rdAIns L 18 Cuneus 1811 < .001 5.74 -2 -82 18 
 R 19 Middle 
Occipital Gyrus 
Of 
1811 
< .001 5.47 32 -76 16 
 L 19 Lingual Gyrus 351 < .001 5.55 -16 -68 -4 
 R 18 Lingual Gyrus Of 351 .002 5.15 12 -74 0 
 R 18 Inferior 
Occipital Gyrus 
140 < .001 5.32 36 -82 0 
 L  Cerebellar 
Lobule VI 
126 .001 5.30 -32 -68 -22 
 R  Cerebellar 
Lobule VI 
65 .001 5.25 -28 -78 -22 
          
rvAIns L 19 Lingual Gyrus 106 < .001 5.69 -16 -68 -4 
 L  Cerebellar 
Lobule VI 
98 < .001 5.38 -28 -78 -22 
          
ldAIns L 19 Lingual Gyrus 36 .004 5.05 -8 -64 -8 
 R 19 Cuneus 73 .004 5.02 10 -78 34 
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lvAIns L  Cerebellar 
Lobule IV 
(Vermis) 
379 < .001 5.55 -8 -62 -6 
 L 18 Lingual Gyrus Of 379 .001 5.21 -16 -68 -6 
 L  Cerebellar 
Lobule I 
Of 379 .004 5.03 -20 -80 -22 
 L  Cerebellar 
Lobule VI 
25 .003 5.07 -36 -66 -24 
          
rdPIns R 13 Ventral 
Anterior Insula 
254 < .001 6.47 46 14 -8 
 R 18 Lingual Gyrus 539 < .001 5.70 2 -64 8 
 R 38 Temporal Pole 20 < .001 5.56 36 10 -18 
 L 19 Lingual Gyrus 135 < .001 5.51 -14 -66 -6 
 R 18 Lingual Gyrus 23 < .001 5.40 12 -74 0 
 L 17 Cuneus Of 539 .002 5.21 -10 -64 12 
 L 23 Posterior 
Cingulate 
Cortex 
32 .002 5.21 -4 -56 20 
 L 19 Superior 
Occipital Gyrus 
23 .004 5.02 -26 -84 12 
 L 18 Cuneus 33 .004 5.02 -12 -64 26 
 R 18 Cuneus 40 .004 4.98 18 -72 28 
          
rvPIns R 13 Ventral 
Anterior Insula 
82 < .001 5.86 46 14 -8 
 R 38 Temporal Pole Of 82 .002 5.16 44 14 -24 
 L 31 Precuneus 518 < .001 5.76 -2 -58 22 
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 LR 17 Lingual Gyrus Of 518 < .001 5.62 0 -68 10 
 L 18 Lingual Gyrus 34 .004 4.97 -18 -72 -6 
          
ldPIns R 18 Lingual Gyrus 2693 < .001 6.25 10 -62 12 
 R 44 Dorsal Anterior 
Insula 
106 < .001 5.44 44 20 8 
 R 13 Ventral 
Anterior Insula 
Of 106 .002 5.15 46 12 -10 
 L 37 Fusiform Gyrus 32 < .001 5.43 -38 -64 -24 
 L  Cerebellar 
Lobule VI 
48 .001 5.15 -18 -64 -32 
          
lvPIns R 6 Premotor 
Cortex 
742 < .001 6.78 12 2 70 
 R 1 Postcentral 
Gyrus 
264 < .001 5.61 44 -28 38 
 L  Cerebellar 
Lobule IV 
(Vermis) 
194 < .001 6.23 -6 -64 -10 
 L  Cerebellar 
Lobule I 
51 < .001 5.81 -50 -52 -30 
 R 18 Lingual Gyrus 224 < .001 5.76 10 -62 12 
 L 17 Cuneus Of 224 < .001 5.39 -2 -68 14 
 L  Cerebellar 
Lobule VI 
92 < .001 5.40 -18 -64 -30 
 L 31 Posterior 
Cingulate 
Cortex 
87 .002 5.22 -12 -54 30 
Between group post-hoc two-sample t-tests detailing differences in insula subregion 
functional connectivity patterns in PTSD+DS versus PTSD and healthy controls based on 
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the 3 x 12 full-factorial analysis (reported at family-wise error whole-brain voxel-
corrected at pFWE < .05, k = 10). Cluster sizes (k) listed as “Of x” are subpeaks of the 
nearest “x” k-value listed above. 
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; rdAIns, right dorsal anterior insula; rvAIns, right 
ventral anterior insula; ldAIns, left dorsal anterior insula; lvAIns, left ventral anterior 
insula; rdPIns, right dorsal posterior insula rvPIns, right ventral posterior insula; ldPIns, 
left dorsal posterior insula; lvPIns, left ventral posterior insula; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area; k, Cluster Size; vFWE, family-wise error voxel-
corrected; MNI, Montréal Neurological Institute. 
 
 
 
 
Figure 4.4 PTSD+DS Insula Subregion Connectivity Patterns. Specifically, as compared 
to PTSD and healthy controls, PTSD+DS showed increased right anterior and posterior 
connectivity with the left lingual gyrus. Moreover, as compared to PTSD and healthy 
controls, PTSD+DS showed increased right posterior insula connectivity with the left 
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precuneus. This figure depicts right insula connectivity patterns only; however, left insula 
patterns showed connectivity with similar regions, including the left lingual gyrus (see 
Table 4 for full description). *Reported at family-wise error whole-brain voxel-corrected 
at pFWE < .05, k = 10 
 
4.3.5 Clinical Measure Correlations with Functional Connectivity 
Patterns in PTSD Patients 
In the cumulative PTSD sample (PTSD and PTSD+DS), higher self-reported state 
dissociation scores reported during the scan (RSDI scale) were associated with increased 
left ventral posterior insula connectivity with the left fusiform gyrus (pFWE < .05, k = 
10). Similarly, higher self-reported dissociation scores assessed prior to the scan (MDI 
scale) were associated with increased left dorsal posterior insula connectivity with the 
right fusiform gyrus (pFWE < .05, k = 10). These self-reported dissociative symptoms are 
consistent with insula functional connectivity patterns observed in the seed-based 
analysis, as the left dorsal posterior insula showed connectivity with the left fusiform 
gyrus in PTSD+DS as compared to both PTSD and healthy controls. Moreover, higher 
levels of self-reported reliving of past experiences during the scan (RSDI scale) were 
associated with decreased right dorsal anterior insula connectivity with the right 
ventromedial prefrontal cortex (Table 4.5; Figure 4.5). Insula functional connectivity 
patterns were not correlated with PTSD symptom clusters assessed by the CAPS scale 
nor with depression and childhood trauma as assessed by BDI and CTQ, respectively. 
Table 4.5 Clinical Score Correlations with Insula Subregion Connectivity Patterns in 
PTSD Patients 
Contrast L B Region k vFWE Z MNI 
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R A Coordinates 
   x         y         z  
RSDI  
Dissociative  
Score 
         
Positive 
correlation 
         
lvPIns L 19 Fusiform Gyrus 30705 .02 4.65 -34 -66 -10 
          
MDI  
Dissociative  
Score 
         
Positive 
correlation 
         
ldPIns R 19 Fusiform Gyrus 9122 .04 4.47 38 -68 -22 
          
RSDI Reliving 
Experiences 
         
Negative 
correlation 
         
rdAIns R 10 Ventromedial 
Prefrontal 
Cortex 
356 .04 4.51 12 68 4 
Significant positive and negative correlations of psychological clinical measures taken 
prior to (MDI) and during (RSDI-Dissociation, RSDI-Reliving Experiences) the scan 
with insula subregion functional connectivity patterns of the cumulative PTSD sample 
(PTSD and PTSD+DS) (reported at family-wise error whole-brain voxel-corrected at 
pFWE < .05, k = 10).  
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; rvAIns, right ventral anterior insula; ldAIns; 
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ldPIns, left dorsal posterior insula; lvPIns, left ventral posterior insula; L, left 
hemisphere; R, right hemisphere; BA, Brodmann Area; k, Cluster Size; vFWE, family-
wise error voxel-corrected; MNI, Montréal Neurological Institute. 
 
 
Figure 4.5 Clinical Score Correlations with Insula Subregion Functional Connectivity 
Patterns in PTSD Patients. In the cumulative PTSD sample (PTSD and PTSD+DS), 
increasing self-reported dissociation experienced during the scan measured by the RSDI 
scale, correlated positively with left ventral posterior insula connectivity with the left 
fusiform gyrus (pFWE < .05, k = 10). Similarly, increasing self-reported dissociation 
scores collected prior to the scan through the MDI scale correlated positively with left 
dorsal posterior insula connectivity with the right fusiform gyrus (pFWE < .05, k = 10). 
Correlations from dissociation measures collected prior to and during the scan are 
consistent with the left dorsal posterior insula functional connectivity patterns observed 
in the seed-based analysis. Moreover, increasing self-reports of reliving past experiences 
during the scan measured also through the RSDI scale correlated negatively with right 
dorsal anterior insula connectivity with the right ventromedial prefrontal cortex. 
*Reported at family-wise error whole-brain voxel-corrected at pFWE < .05, k = 10 
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4.3.6 Machine Learning Results 
The MGPC analysis was able to classify the three participant groups (healthy controls, 
PTSD, and PTSD+DS) with 80.4% balanced accuracy, based on feature sets extracted 
from bilateral dorsal/ventral anterior and posterior insula functional connectivity maps. 
Specifically, class accuracy was 82% (42/51) for healthy controls, 80% (65/84) for 
PTSD, and 80% (39/49) for PTSD+DS. In addition, class predictive value was 80% for 
healthy controls, 83% for PTSD, and 77% for PTSD+DS. The MGPC analysis identified 
several anatomical regions with relatively high weights used by the decision function of 
the machine to predict group classification, including bilateral dorsal/ventral anterior and 
posterior insula connectivity with the bilateral orbital prefrontal cortex, the bilateral 
ventral pallidum of the limbic system, and the bilateral temporal pole (Figure 4.6). 
However, as all voxels inputted into the algorithm within this multivariate analysis will 
contribute to the machine’s prediction, it is not possible to single out whether any one 
region is predictive in isolation (Haufe et al. 2014). 
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Figure 4.6 Multiclass Gaussian Process Classification Machine Learning Analysis. The 
bottom-left corner of this figure shows the confusion matrix from the machine learning 
analysis. The Multiclass Gaussian Process Classification (MGPC) predicted group 
classification based on resting-state insula subregion functional connectivity patterns 
derived from the seed-based analysis with 80.4% balanced accuracy. Specifically, class 
accuracy was 82% (42/51) for healthy individuals, 80% (65/84) for PTSD and 80% 
(39/49) for PTSD+DS. In addition, class predictive value was 80% for healthy controls, 
83% for PTSD and 77% for PTSD+DS. As the MGPC machine learning analysis is 
multivariate, all inputted voxels from the insula functional connectivity maps will 
contribute to the decision function of the machine. This figure depicts high-ranking 
regional contributions of insula subregion functional connectivity for visualization 
purposes only. Here, regions ranked with high weights in classifying the three participant 
groups were the right orbitofrontal cortex, the bilateral ventral pallidum and the right 
temporal pole.   
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4.4 Discussion 
The present study investigated the utility of insular subregion resting-state functional 
connectivity patterns in elucidating differences between individuals with PTSD, its 
dissociative subtype, and healthy controls. Here, a number of provocative findings 
emerged. 
Specifically, as compared to PTSD and PTSD+DS groups, healthy controls 
showed increased right anterior and posterior insula functional connectivity with 
contralateral higher-order sensorimotor processing areas, including the left pre- and post-
central gyri. In addition, as compared to the PTSD+DS group, the healthy control group 
showed increased right ventral posterior insula connectivity with the left dorsolateral 
prefrontal cortex. Taken together, these findings suggest that among healthy controls, as 
compared to individuals with PTSD and its dissociative subtype, the right insula shows 
increased connectivity for relaying sensory input to higher-order cortical areas involved 
in: (1) environmental monitoring, including the pre- and post-central gyri; and (2) 
appraising the emotional relevance of sensory information at the level of the dorsolateral 
prefrontal cortex.  
 A number of key differences also emerged between the PTSD and PTSD+DS 
groups.  Specifically, as compared to PTSD+DS, individuals with PTSD showed 
increased right posterior insula connectivity with lower-level limbic and brainstem brain 
regions, including the left ventral pallidum and the periaqueductal gray, which are 
involved in evoking instinctual defensive responses and maintaining autonomic control. 
These findings are consistent with the heightened levels of emotional distress and reliving 
symptoms that were reported at rest by individuals with PTSD. By contrast, as compared 
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to PTSD, individuals with the dissociative subtype exhibited: (1) bilateral anterior and 
posterior insula connectivity to posterior brain regions associated with implicit memory 
processing (i.e., the left precuneus, the left lingual gyrus and the cerebellum), and (2) left 
ventral posterior insula functional connectivity with the right temporal pole, a region 
involved in processing visceral sensations. Notably, no distinctive differences emerged 
consistently when comparing functional connectivity patterns of dorsal and ventral 
portions of insula subregions between participant groups.    
Notably, the multivariate machine learning analysis revealed that anterior and 
posterior insula resting-state functional connectivity features derived from the seed-based 
analysis were able to classify the three participant groups with 80.4% balanced accuracy 
(p < .01). This powerful multivariate analysis allowed us to make clinical predictions on 
the individual subject level, in contrast to the univariate seed-based analyses that allowed 
for group-wise inferences only (Cohen et al., 2017; Woo et al., 2017). Taken together, 
these findings suggest that distinct patterns of insular subregion functional connectivity 
may be useful in classifying individual patient populations with PTSD versus PTSD+DS.  
4.4.1 Insula Subregion Connectivity in PTSD 
The present study revealed increased right anterior insula connectivity with higher-order 
sensorimotor cortical areas in healthy controls, including the left pre- and post-central 
gyri and the left dorsolateral prefrontal cortex. This finding is consistent with current 
literature that suggests viscero-sensory information from limbic and brainstem regions 
may direct information upstream to more anterior portions of the insula in order to 
identify emotional feeling states that are later processed by higher-order frontal lobe 
structures (Cauda et al., 2011; Craig, 2009).  
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Interestingly, however, as compared to both PTSD+DS and healthy controls 
during rest, individuals with PTSD showed increased bilateral dorsal and ventral 
posterior insula functional connectivity with lower-order subcortical limbic and 
brainstem regions involved in hyperarousal and hypervigilance, including the left ventral 
pallidum and the periaqueductal gray. The posterior insula is considered the primary 
interoceptive cortex and receives viscero-sensory input from subcortical limbic and 
midbrain structures regarding physiological visceral sensations emanating from within 
the body (Craig, 2002). Here, elevated emotional and physiological distress experienced 
by individuals with PTSD at rest may be associated with altered posterior insula 
connectivity. Specifically, enhanced posterior insula connectivity with limbic and 
midbrain structures, including the ventral pallidum and the periaqueductal gray, may be 
related to sustained subcortical loops that promote instinctual fight-or-flight defensive 
behaviours, thereby limiting the translation of viscero-sensory information to higher-
order cortical structures involved in emotion processing. These findings are also 
consistent with sustained activation of a subcortical innate alarm circuit in PTSD that 
responds to the perception of imminent threat (Lanius et al., 2017; Liddell et al., 2005; 
Rabellino, Densmore, Frewen, Théberge, & Lanius, 2016; Steuwe et al., 2014), a pattern 
that has been observed repeatedly in individuals with PTSD during rest (Harricharan et 
al., 2016; Lanius et al., 2017; Nicholson et al., 2017; 2018).  
Interestingly, as compared to the PTSD+DS group, the PTSD group showed 
increased right dorsal and ventral posterior insula connectivity with cortical areas in the 
frontal lobe involved in sensorimotor processing and monitoring of the environment, 
including the dorsal anterior- and mid- cingulate cortices, the right postcentral gyrus, and 
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the right orbitolateral prefrontal cortex. Although, individuals with PTSD show weaker 
insula connectivity with cortical areas central to apprehending salient stimuli when 
compared to healthy individuals during rest. This finding suggests that individuals with 
the PTSD dissociative subtype may show greater limitations than do individuals with 
PTSD in their capacity to use higher-order cortical processing to appraise their 
surroundings. 
4.4.2 Insula Subregion Connectivity in PTSD+DS 
While depersonalization and derealization symptoms are thought to stem, in part, from 
increased top-down prefrontal inhibition of lower-order limbic and brainstem structures, 
PTSD+DS showed limited anterior and posterior insula connectivity with prefrontal 
structures during rest as compared to PTSD and healthy control groups. Instead, when 
compared to PTSD and healthy controls, the PTSD+DS group showed increased bilateral 
anterior and posterior insula connectivity with posterior cortical structures associated 
with the dorsal and ventral attention networks involved in the monitoring of both top-
down (the superior parietal lobule, the precuneus) and bottom-up (the precuneus, the 
cuneus, and the lingual gyrus) neural processes (Burianová, Ciaramelli, Grady, & 
Moscovitch, 2012; Cabeza, 2008). Sun and colleagues (2001) demonstrated that bottom-
up neural processing may facilitate the development of implicit skills; increased insula 
subregion connectivity in PTSD+DS with brain regions involved in bottom-up attentional 
networks may therefore suggest a role for the insula in developing connections with 
networks involved in implicit neural processes (Sun et al., 2001). 
Interestingly, as compared to PTSD and healthy controls, PTSD+DS also showed 
increased anterior and posterior insula subregion connectivity during rest with posterior 
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cortical structures involved in implicit neural processes (Grèzes et al., 2003; Reber et al., 
2013). Here, increased insula subregion connectivity with ventral posterior brain regions 
observed in the PTSD+DS group overlaps with neural markers associated with implicit 
memory processes (Rugg et al., 1998; Schott et al., 2005; Vuilleumier, Schwartz, 
Duhoux, Dolan, & Driver, 2005). Whereas implicit memory guides behaviours of 
perceptions of one’s surroundings based on past experiences without conscious 
awareness (Squire & Dede, 2015; Tulving, 1985), explicit memory relies upon conscious 
awareness to guide retrieval of episodic (i.e., autobiographical experiences) or semantic 
(i.e., facts/concepts) memories (Squire & Dede, 2015; Tulving, 1985). In addition, 
whereas explicit memory tends to correlate with activity along the anterior cortical 
midline during introspection, including the medial prefrontal cortex, implicit memory 
tends to rely on more posterior brain regions, including the precuneus (Rugg et al., 1998). 
Implicit memory is particularly relevant to the study of PTSD, where traumatic 
experiences may subliminally guide behaviour and the individuals’ perception of 
surroundings (Amir, McNally, & Wiegartz, 1996; Brewin, 2001; Golier, Yehuda, Lupien, 
& Harvey, 2003; Krikorian & Layton, 1998; Rabellino et al., 2016; van der Kolk & 
Fisler, 1995; Zeitlin & McNally, 1991). Furthermore, state dissociation scores correlated 
positively with left dorsal posterior insula connectivity with the left fusiform gyrus. 
Notably, visual cortex activation has been observed consistently in studies involving 
individuals with the dissociative subtype of PTSD (see Daniels et al., 2012, 2016; Lanius 
et al., 2005; Lanius et al., 2002), and forms part of an occipital resting-state network that 
facilitates visual mental imagery (Wang et al., 2008). Here, whereas implicit memory 
responses to visual priming cues appear intact among individuals that experience 
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dissociation, explicit memory processes are relatively impaired (Devilly et al., 2007; 
Eich, Macaulay, Loewenstein, & Patrice, 1997; Elzinga, Phaf, Ardon, & Van Dyck, 
2003; Fenster et al., 2018; Kihlstrom, 2005). Taken together, these results point towards 
the need for additional research to clarify the role of implicit memory in the processing of 
salient environmental stimuli among individuals with PTSD+DS. 
4.4.3 Limitations and Future Directions 
There are several limitations to the present study. First, the insula seed regions-of-interest 
were taken from the Brainnetome anatomical atlas, thus lacking sensitivity to identify 
individual anatomical differences given the relative proximity of seed regions. 
Nonetheless, the insula parcellations derived from this atlas have been used successfully 
in numerous insula functional connectivity studies (see Xu et al., 2018; Yu et al., 2017; 
Zhang et al., 2018). Secondly, while our three participant groups were sex-matched, we 
did not examine insula resting-state connectivity patterns as a function of sex. Thirdly, 
we cannot infer directionality from the insula seed-based connectivity analyses conducted 
in the present study. Accordingly, future studies should employ cross-spectral dynamic 
causal modelling techniques to incorporate the insula into neurobiological frameworks 
describing the effective functional connectivity patterns involved in maintaining both top-
down and bottom-up neural processes during rest.  
4.4.4 Conclusions 
On balance, insula subregion functional connectivity patterns observed during rest 
suggest a neurobiological distinction between PTSD, its dissociative subtype, and healthy 
controls. Specifically, as compared to PTSD and PTSD+DS, healthy controls 
demonstrated increased insula connectivity with higher cortical brain regions involved in 
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environmental monitoring and emotional appraisal, including the left postcentral gyrus 
and the left dorsolateral prefrontal cortex. Conversely, as compared to healthy controls 
and PTSD+DS, we observed increased posterior insula functional connectivity with 
subcortical structures in individuals with PTSD that may contribute to sustaining 
hypervigilance and hyperarousal symptoms. In stark contrast to PTSD and healthy 
controls, PTSD+DS showed limited insula subregion connectivity with prefrontal 
structures and increased connectivity with posterior brain regions involved in both top-
down and bottom-up attentional processes, including implicit networks. Future studies 
should therefore aim to delineate how the dynamic between these opposing networks may 
uniquely impact individuals with the dissociative subtype and point towards the need to 
further investigate the neural underpinnings of implicit neural processes in PTSD+DS. 
Finally, the machine learning analysis demonstrated that insula subregion resting-state 
functional connectivity patterns may be utilized as diagnostic markers for classifying 
individuals with PTSD and its dissociative subtype. Identifying neural classifiers of 
insula resting-state functional connectivity patterns may offer valuable clinical insight 
into guiding treatments for the contrasting symptom profiles observed in individuals with 
PTSD and its dissociative subtype.   
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Chapter 5  
5 « A pilot study examining overlapping frontoparietal 
networks in response to oculomotion and traumatic 
autobiographical memory retrieval: Implications for eye 
movement desensitization and reprocessing » 
Chapter 4 investigated insula subregion resting-state connectivity patterns with the whole 
brain in an effort to identify brain regions that may contribute to emotion dysregulation in 
individuals with PTSD and its dissociative subtype. In Chapter 4, when compared to 
healthy individuals, individuals with PTSD and its dissociative subtype demonstrated 
limited connectivity with frontal lobe structures thought critical for higher-order 
cognitive functions, including emotion regulation. Moreover, consistent with the emotion 
dysregulation observed in this disorder, even at rest, individuals with PTSD showed 
increased insula subregion connectivity with subcortical structures thought to evoke 
innate defensive responses, including hyperemotionality and hypervigilance. By contrast, 
the dissociative subtype showed increased insula subregion connectivity with ventral 
posterior brain regions implicated in implicit memory. Interestingly, machine learning 
analyses indicated further that insula subregion resting-state connectivity patterns may be 
a used as a potential diagnostic predictor for discriminating between individuals with 
PTSD, its dissociative subtype, and healthy individuals, where they classified the patterns 
for each group with 80% balanced accuracy.  
The insula has been identified as a critical node that aids in the switching between 
the default mode network and the central executive network (Dixon et al., 2018; Menon 
& Uddin, 2010). In the previous chapter, limited insula subregion connectivity with 
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frontal lobe structures involved in the central executive network in PTSD may point 
toward a decreased capacity for higher-order executive functions, including emotion 
regulation. Here, it is important to recall that the insula is hypothesized to play a critical 
role not only in emotion regulation but is also thought to be a central structure for 
receiving both interoceptive and exteroceptive sensory information. Thus, investigating 
the neural circuitry underlying sensory processing through explicit exposure to 
simultaneous interoceptive and exteroceptive input using a task-based paradigm may 
delineate further the neurobiological underpinnings of emotion dysregulation in PTSD. 
Chapter 5 has been published in its entirety as: 
Harricharan, S., McKinnon, M. C., Tursich, M., Densmore, M., Frewen, P., Théberge, 
J., van der Kolk, B.A., & Lanius, R. A. (2019). Overlapping frontoparietal networks in 
response to oculomotion and traumatic autobiographical memory retrieval: implications 
for eye movement desensitization and reprocessing. European Journal of 
Psychotraumatology, 10(1), 1586265. https://doi.org/10.1080/20008198.2019.1586265  
5.1 « Introduction » 
In post-traumatic stress disorder (PTSD), traumatic memories tend to be re-experienced 
as flashbacks of sensory elements of the memory (images, sounds, smells or physical 
sensations) that are accompanied by intense negative affect (Brewin, Huntley, & 
Whalley, 2012; Ehlers, Hackmann, & Michael, 2004; van der Kolk & Fisler, 1995). To 
reduce frequent re-experiencing of traumatic memories and their associated negative 
affect in PTSD, therapeutic strategies such as eye movement desensitization and 
reprocessing (EMDR) use eye movements in an attempt to facilitate the reprocessing of 
traumatic memories (Shapiro, 1989; van der Kolk et al., 2007). Eye movements, i.e., 
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oculomotion, have been shown to reduce not only sympathetic activity upon retrieval of a 
traumatic memory (Barrowcliff, Gray, Freeman, & MacCulloch, 2004), but also to 
diminish intrusive memories and the vividness associated with them (Andrade, 
Kavanagh, & Baddeley, 1997; Barrowcliff et al., 2004; Cotter et al., 2017). To date, 
however, little is known about the possible neurobiological underpinnings of these 
effects. In this pilot study, we examine specifically the relation between oculomotion and 
episodic memory by investigating patterns of brain activation in healthy controls and 
individuals with PTSD during retrieval of traumatic/stressful and neutral memories while 
performing simultaneously contrasting patterns of oculomotor movements (i.e., saccadic, 
smooth pursuit, stationary dot fixation). Here, we propose several key neural networks 
and brain regions central not only to episodic memory retrieval, but also to oculomotion 
and to accompanying emotional regulation strategies, that may heighten reprocessing of 
traumatic memories during EMDR.   
5.1.1 Dorsal Attentional Network 
The dorsal attentional network consists of dorsal frontoparietal brain regions, including 
the frontal and supplementary eye fields and the intraparietal sulcus. In conjunction with 
other sensory modalities, including auditory, vestibular and tactile stimuli, eye 
movements are a key component of the dorsal attentional network, and are critical for 
probing extrapersonal space to inform one’s internal perspective of the world (Corbetta & 
Shulman, 2002). Sensory information obtained from oculomotion travels to the superior 
colliculus in the midbrain (Vernet, Quentin, Chanes, Mitsumasu, & Valero-Cabré, 2014). 
The superior colliculus is then responsible for projections to the frontal eye field in the 
lateral frontal lobe, which aid in visuospatial attentional processes and visuomotor 
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movements  (see Figure 5.1 for details; also see Grosbras & Paus, 2002; Vernet et al. 
2014). The frontal eye field in turn projects to the lateral posterior parietal cortex, which 
is involved in perceiving spatial information pertaining to one’s viewer-centered 
egocentric space, and thus helps to identify self-location and mental navigation through 
one’s surroundings (Figure 5.1; also see Burgess, 2006; Szczepanski, Pinsk, Douglas, 
Kastner, & Saalmann, 2013). In addition, the frontal eye fields aid in the evaluation of the 
environment from a spatial perspective through interactions with the supplementary eye 
field, which projects to both the lateral and medial posterior parietal cortices to inform 
both one’s viewer (egocentric) and observer (allocentric) perspective (Figure 5.1; also see 
Szczepanski et al. 2013).  
Although eye movements are critical to gathering current visuospatial information 
required for the optimal functioning of attentional processes that guide working memory 
(Beck & Hollingworth, 2017; Pearson & Sahraie, 2003; Shipstead et al., 2012), short-
term working memory interacts further with long-term episodic memory such that 
previous experiences provide context to salient stimuli (Baddeley & Hitch 1974; Eriksson 
et al., 2015; Souza & Oberauer, 2017; Uncapher & Wagner, 2009). Taken together, these 
findings suggest that salient visuospatial sensory information, guided, in part, by 
oculomotion, informs perspective on the relevance of incoming sensory input. 
Interestingly, previous studies have indicated that eye movements performed 
simultaneously with episodic memory retrieval tax working memory resources; such 
interference may reduce the capacity to engage in other higher-order tasks reliant upon 
executive functioning (Maxfield et al., 2008; Op den Kelder et al., 2018).  
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Figure 5.1 Oculomotor Network. Visuospatial sensory information obtained from 
oculomotion travels to the superior colliculus in the midbrain via cranial nerves III, IV 
and VI. The superior colliculus can project visuospatial afferents to the frontal eye field 
to engage the dorsal visual stream, which is a functional component of the dorsal 
attentional network that helps guide one’s visuospatial processing of the external 
environment. The frontal eye field functionally connects with the lateral posterior parietal 
cortex, where one can process visuospatial details related to one’s viewer-centered 
egocentric perspective (i.e., identifying one’s self-location). The frontal eye field also 
interacts with the supplementary eye field, which maintains connections with both the 
lateral and medial parietal cortices. The supplementary eye field through its connections 
with the parietal cortex can process visuospatial details from both an egocentric and 
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observer-centered allocentric perspective, as it can identify one’s self-location based on 
identifying objects or external locations in the environment. The eye clipart image was 
retrieved and adapted from a free public domain (clker.com, Rolera LLC).  
 
5.1.2 Frontoparietal Executive Control Network 
This dynamic relationship between working memory and long-term episodic memory 
depends critically on the ability to use salient sensory information to guide retrieval of 
episodic autobiographical memories (Baddeley, 2010; Burianova, McIntosh, & Grady, 
2010). Dixon et al. (2018) describes a frontoparietal executive control network comprised 
of two functional subdivisions involved in sensorimotor and introspective processes, 
respectively. Here, the sensorimotor frontoparietal subdivision is thought to orient, via 
oculomotor movements, to salient multisensory cues in the external environment, 
(Corbetta and Shulman, 2002), thus assisting in mapping sensory information in the 
environment through visual search. This subdivision overlaps with neural regions 
implicated in the dorsal attentional network, including the frontal/supplementary eye 
fields and the right inferior parietal lobule. By contrast, the introspective frontoparietal 
subdivision is thought to mediate internally-based mental thoughts and emotion 
processing and overlaps with areas involved in autobiographical memory and self-
referential processing, including the medial prefrontal cortex. These functional 
subdivisions of a larger frontoparietal cognitive control network are thought to work in 
tandem to carry out higher-order cognitive tasks, including emotion regulation. 
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5.1.3 The Role of Oculomotion in Integration of Autobiographical 
Memories 
Commonly, autobiographical memories are appraised on a continuum of positive to 
negative valence, a process associated with changes in physiological homeostasis in 
response to internal and/or external reminders of the memory (Morawetz, Bode, Derntl, 
& Heekeren, 2017; Picó-Pérez, Radua, Steward, Menchón, & Soriano-Mas, 2017). Here, 
individuals may modulate  emotional appraisal of a negative memory by introducing 
emotion regulation strategies, where one attempts to adjust the internal affective 
representation of a subjective memory (Morawetz et al., 2017; Picó-Pérez et al., 2017; 
Zilverstand, Parvaz, & Goldstein, 2017). Critically, in traumatic memory, reappraisal 
strategies target the down-regulation of negative affective representations associated with 
the memory in an attempt to reduce its emotional impact. This conscious top-down 
emotion regulation is thought to engage a frontoparietal network involving brain regions 
similar to those implicated in oculomotion and in autobiographical memory, including the 
right dorsolateral and ventrolateral prefrontal cortex, which may work in tandem to 
attenuate the intense negative affect underlying traumatic memories  (Zilverstand et al., 
2017).  
Previous studies have demonstrated that the vividness of traumatic memories are 
reduced when memory retrieval is performed simultaneous to horizontal eye movements 
(Andrade et al., 1997; Barrowcliff et al., 2004; Littel et al., 2017; Thomaes, Engelhard, 
Sijbrandij, Cath, & Van den Heuvel, 2016). However, no study has sought to investigate 
the neural underpinnings of this effect, where significant overlap is observed in the 
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frontoparietal networks believed involved in oculomotion, autobiographical memory and 
emotional regulation.  Identification of frontal and parietal neural regions common to 
these processes may assist in delineating the neurobiological mechanisms contributing to 
traumatic memory reprocessing using eye movements and provide an organizing 
framework to identify neural targets for EMDR.  
5.1.4 Objectives 
Accordingly, we sought to identify the neural architecture associated with 
traumatic/stressful autobiographical memory retrieval during simultaneous performance 
of horizontal smooth pursuit or saccadic eye movements in patients with PTSD and in 
healthy controls. Specifically, we hypothesized that: 1) traumatic/stressful memory 
retrieval during performance of horizontal eye movements would engage the two 
functional subdivisions of the larger frontoparietal executive control network proposed by 
Dixon et al. (2018) and thought to be involved in sensorimotor and introspective 
processing. We hypothesized: 2) a) that oculomotor eye movements would activate 
sensorimotor brain regions in the dorsal attentional network, including the frontal and 
supplementary eye fields; b) that activation of the dorsal attention network in conjunction 
with traumatic/stressful autobiographical memory retrieval would recruit frontal and 
parietal brain regions involved in introspective processing; and c) that dual sensorimotor 
and introspective processing would initialize a larger frontoparietal executive control 
network that recruits areas involved in higher-order cognitive demands, including 
emotion regulation. In keeping with our own work (Lanius et al., 2004), we hypothesized 
further that: 3) individuals with PTSD would show group differences during traumatic 
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memory retrieval as compared to those without PTSD. Furthermore, we hypothesized 
that: 4) in individuals with PTSD, as compared to controls, activation of the dorsal 
attentional network through eye movements would enhance the recruitment of regions 
involved in self-referential processing and emotion regulation, thus laying a foundation 
for understanding of the neurobiological mechanisms underlying EMDR. 
5.2 Methods 
5.2.1 Clinical and Demographic Information 
Thirty-nine participants participated in the present study, including 20 patients with 
PTSD and 19 age- and gender-matched healthy controls. Recruitment for the study took 
place during 2014-2016, via referrals from family physicians, mental health 
professionals, psychology/psychiatric clinics, community programs for traumatic stress, 
and posters/advertisements within the London, Ontario community.  
Inclusion criteria for the study included a PTSD diagnosis based on the Clinician-
Administered PTSD Scale (CAPS), versions IV (Blake et al., 1995; n=26, PTSD 
diagnosis if score>50) and 5 (Weathers et al. 2013; n=13, different scoring system with 
no definitive cut-off). For all participants, a Structured-Clinical Interview for DSM-IV 
Axis-I disorders (SCID; First, Spitzer, Gibbon, & Williams, 2002) was administered, 
along with a battery of questionnaires assessing trait psychological symptoms, including 
the Beck Depression Inventory (BDI; Beck, Guth, Steer, & Ball, 1997), Child Trauma 
Questionnaire (CTQ; Bernstein & Fink, 1998; 94% of participants had histories of 
childhood trauma, i.e., they scored above the ‘none/minimal’ threshold for any trauma 
category), and the Multiscale Dissociation Inventory (MDI; Briere, Weathers, & Runtz, 
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2005). In addition, during the scan, the Responses to Script-Driven Imagery scale (RSDI; 
Hopper et al., 2007), State-Trait Anxiety Inventory (STAI; Spielberger, 2010), and the 
Clinician-Administered Dissociative States Scale (CADSS; Bremner et al., 1998)  were 
used to assess state-based psychological responses. The clinical and demographic 
characteristics of the study sample are detailed in Table 5.1. 
Participants were excluded if 3.0T scanner safety regulations were violated, 
including the presence of metal implants, and/or if participants experienced previous head 
trauma associated with a loss of consciousness, significant untreated medical illness, 
and/or pervasive developmental disorders. Additional exclusion criteria for PTSD 
patients included current or past history of bipolar or psychotic disorders, and/or 
alcohol/substance dependency or abuse for at least six months prior to partaking in the 
study. Control participants were ineligible if lifetime criteria were met for any Axis-I 
psychiatric disorder from the SCID assessment. If eligible, participants provided written 
informed consent to participate in the study. No eligible participants were subsequently 
excluded from study nor did any of the participants drop out over the course of the study. 
All scanning was conducted in London, Ontario at Robarts Research Institute’s Centre 
for Functional Metabolic Mapping. The study was approved by the Research Ethics 
Board at Western University of Canada.  
Table 5.1 Clinical and Demographic Information 
Measure PTSD Healthy Controls t-test/χ2(P) 
N 20 19  
Sex M=8, F=12 M=8, F=11 0.894 
Age 38.8 ± 14.3 39.3 ± 13.5 0.908 
195 
 
CAPS-IV Total (n=26) 82.7 ± 16.3 0.6 ± 1.3 <0.001* 
CAPS-5 Total (n=13) 34.7 ± 9.6 0 <0.001* 
CTQ-Total 65.8 ± 21.0 34.8 ± 13.6 <0.001* 
BDI-Total 27.0 ± 7.0 1.2 ± 2.0 <0.001* 
MDI-Total 61.2 ± 12.7 33.3 ± 13.0 <0.001* 
MDI-Depersonalization 7.9 ± 2.5 5 ± 0 <0.001* 
MDI-Derealization 9.7 ± 3.8 6.3 ± 1.0 <0.001* 
Initial RSDI-Total 22.4 ± 6.6 15.5 ± 3.0 0.002* 
Initial RSDI-
Dissociationavg  
2.6 ± 0.2 5.0 ± 3.3 0.011* 
MDD n=3(3) -  
Panic 
Disorder/Agoraphobia 
n=3 -  
Social Phobia None -  
OCD n=(2) -  
GAD None -  
Ratings of Emotional 
Experience After 
Traumatic Memory 
Retrieval  
(Scale of 1-6) 
   
Fear 3.1±2.3 0.6±1.1 <0.001* 
Anger 3.6±2.2 0.6±1.2 <0.001* 
Guilt 2.4±2.3 0.5±1.3 0.003* 
Happiness 0.2±0.6 0.2±0.6 0.96 
Sadness 3.7±2.1 1.7±2.4 0.01* 
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Shame  2.7±2.2 0.2±0.7 <0.001* 
Disgust 2.7±2.4 0.3±0.8 <0.001* 
Age, sex, CAPS, and self-report questionnaires (CTQ, MDI, BDI) are reported as 
mean±SD. Psychiatric illnesses assessed via SCID-I (MDD, Panic 
Disorder/Agoraphobia, Social Phobia, OCD and GAD) are reported in frequencies, as n = 
current(past) cases. Dissociationavg indicates averaged depersonalization and 
derealization symptom measures based on responses to the RSDI scale.  
Abbreviations: PTSD, post-traumatic stress disorder; CAPS, Clinician-Administered 
PTSD Scale; CTQ, Child Trauma Questionnaire; BDI, Beck Depression Inventory; MDI, 
Multiscale Dissociation Inventory; RSDI, Responses to State-Driven Imagery Scale; 
MDD, Major Depressive Disorder; OCD, Obsessive Compulsive Disorder; GAD, 
Generalized Anxiety Disorder. (* = p<0.05). 
5.2.2 Data Acquisition 
Whole-brain functional magnetic resonance imaging (fMRI) data were collected in a 3.0T 
scanner (Magnetom Tim Trio, Siemens Medical Solutions, Erlangen, Germany) with a 
32-channel phased array head coil. BOLD (blood oxygen level dependent) fMRI were 
collected using a manufacturer’s standard gradient-echo planar imaging (EPI) pulse 
sequence (single-shot, blipped-EPI) with an interleaved slice acquisition per the 
following specifications: Time Resolution (TR) = 3000 ms, Echo Time (TE) = 20 ms, 
voxel size = 2 × 2 × 2 mm3, Field of View (FOV) = 192 × 192 × 128 mm3 (94 × 94 
matrix, 64 contiguous slices), and Flip Angle (FA) = 90°. High-resolution T1-weighted 
anatomical images were also collected (MPRage: 192 slices, voxel size = 1 × 1 × 1 mm3).  
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5.2.3 Eye Movement Scan Procedure 
All participants were asked to retrieve both neutral and traumatic/stressful 
autobiographical memories via a single personalized word cue associated with each 
memory (chosen by participants prior to the study; whereas PTSD participants retrieved 
traumatic memories, controls retrieved their most stressful memories) while following a 
moving dot to guide eye movements across the screen (see Figure 5.2). In order to 
maintain safety, participants were instructed to select a word representing a 
traumatic/stressful memory that would be distressing upon retrieval, but not to an extent 
that a particular memory would inhibit a participant’s capacity to partake in the study. All 
participants were video recorded throughout the experiment and the recordings were 
visually inspected to ensure they were performing eye movements while in the scanner. 
In total, there were three conditions, each lasting 13 minutes, conducted in the following 
order: no memory retrieval, neutral memory retrieval and traumatic/stressful memory 
retrieval. Each condition consisted of twelve runs, separated into four blocks that were 
presented in a randomized order. For each block, one of four types of oculomotor stimuli 
(either a stationary fixation dot, a horizontal smooth pursuit, a horizontal saccadic 
pursuit, or a vertical saccadic pursuit) was presented in three consecutive runs. Each run 
lasted 39 seconds, which included: (i) collection of an implicit baseline measure (6 
seconds); (ii) display of a personalized word cue for neutral or traumatic/stressful 
memory retrieval (e.g. “comb” for a neutral memory, “knife” for a traumatic memory) (3 
seconds); and (iii) presentation of an oculomotor stimulus (30 seconds). Firstly, a black 
central stationary dot was displayed for 6 seconds to obtain an implicit baseline measure 
(explained below; see Bremner et al., 1999; Lanius et al., 2004). After the implicit 
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baseline was collected, participants were then instructed to retrieve autobiographical 
memories after reading a personalized word cue displayed on the screen for 3 seconds 
(replaced with a ‘+’ symbol in the no memory retrieval condition). Subsequently, the 
oculomotor stimulus, coloured circles to guide eye movements across the screen, was 
presented for 30 seconds while participants continued to engage with the memory. After 
three consecutive runs involving the same oculomotor stimulus, participants were asked 
to rate the severity of PTSD symptoms they experienced during memory retrieval with 
the specific adjunctive oculomotor stimulus, including emotional intensity, numbing, 
dissociation, re-experiencing and vividness of memory. Afterwards, an 18-second rest 
interval using a black stationary fixation ‘+’ led to a transition into a new block that 
presented a different oculomotor stimulus. This process was repeated four times to 
evaluate each type of oculomotor stimulus. Both prior to the experiment and after each 
condition (no memory retrieval, neutral memory retrieval and traumatic/stressful memory 
retrieval), participants were asked to rate the severity of reexperiencing, avoidance and 
dissociative symptoms experienced in the scanner based on the Responses to Script-
Driven Imagery Scale (see Table 1; RSDI; Hopper, Frewen, Sack, Lanius, & Van Der 
Kolk, 2007). In addition, participants were asked to report intensity ratings (on a Likert 
scale of 1 to 6) of different negative emotions experienced after each memory retrieval 
condition (see Table 1). After the scan, a brief interview was administered to assess 
whether participants were successful in retrieving the memories during the scanning 
protocol.   
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Figure 5.2 Experimental Paradigm. All participants were asked to retrieve both neutral 
and traumatic autobiographical memories via a personalized word cue associated with 
each memory, while following a moving dot to guide eye movements across the screen. 
In total, there were three conditions, each lasting 13 minutes, conducted in the following 
order: no memory retrieval, neutral memory retrieval and traumatic memory retrieval. 
Each condition consisted of twelve runs, separated into four blocks to present each type 
of oculomotor stimulus in three consecutive runs (stationary fixation dot, a horizontal 
smooth pursuit, a horizontal saccadic pursuit and a vertical saccadic pursuit). Each run 
lasted (6 + 3 + 30) 39 seconds, where a black central stationary dot was displayed for 6 
seconds to obtain an implicit baseline measure, after which participants were instructed to 
retrieve autobiographical memories while reading a single personalized word cue 
displayed on the screen for 3 seconds (replaced with a ‘+’ symbol in the no memory 
retrieval condition).  Immediately following, participants were asked to continue 
retrieving the memory while 30 seconds of one type of oculomotor stimulus was 
presented using coloured circles to guide eye movements across the screen. After three 
consecutive runs using the same type of oculomotor stimulus, participants were then 
asked to rate the severity of PTSD symptoms they experienced during memory retrieval 
with the specific adjunctive oculomotor stimulus, including emotional intensity, 
numbing, dissociation, re-experiencing and vividness of memory. Afterwards, an 18-
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second rest interval using a black stationary fixation ‘+’ led to a transition into a new type 
of oculomotion. This process was repeated four times to evaluate the effects of each type 
of oculomotor stimulus. 
5.2.3.1 Implicit Baseline 
The implicit baseline measure is a quantitative estimation of a null period during the 
experiment where the participant is not engaged in task-related activities, and it can also 
be used as a reset period to obtain a baseline measure between tasks (Bremner et al., 
1999; Lanius et al., 2004). In the present study, the implicit baseline measure was a black 
stationary fixation dot displayed for 6 seconds before the oculomotor stimulus was 
presented within each run.  
5.2.4 fMRI Preprocessing 
Image preprocessing and statistical analyses were performed using Statistical Parametric 
Mapping software (SPM12; Wellcome Trust Centre for Neuroimaging) within MATLAB 
8.6 (R2015b; MathWorks). The functional images collected for each condition were 
realigned to the first volume of the scan. The images were then normalized to an MNI 
anatomical template and spatially smoothed to a Gaussian kernel of 8mm full-width half 
maximum (FWHM). 
5.2.5 fMRI Statistical Analysis 
Voxel-wise general linear models were used to investigate activation patterns during each 
condition. For each subject, a BOLD-contrast map was developed for each type of 
oculomotor stimulus within each memory retrieval condition (e.g. no memory horizontal 
smooth pursuit, traumatic/stressful memory horizontal saccadic pursuit etc.). ART 
(version 2015-10; Gabrieli Lab, McGovern Institute) motion parameters were included as 
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covariates in all within-subject analyses for all statistical analyses (including subtraction 
analysis and subsequent psychophysiological interactions). A 2x3x4 full-factorial 
subtraction analysis was employed to examine interaction effects of group (PTSD, 
controls), memory retrieval (no memory, neutral memory and stressful/traumatic 
memory) and oculomotion (horizontal smooth pursuit, horizontal saccadic pursuit, 
vertical saccadic pursuit, stationary dot fixation) versus the implicit baseline as described 
above, thus all results obtained from this analysis are based on comparisons to no 
oculomotor stimuli. Results were reported at family-wise error (FWE) voxel-wise whole-
brain corrected threshold of p<0.05, with a cluster extent threshold of k=10, in 
accordance with Eklund et al. (2016). In order to examine our primary question 
concerning the correlation of oculomotion with frontal and parietal neural correlates 
involved in autobiographical memory retrieval and top-down emotion regulation, the 
right frontal and supplementary eye fields were observed as peak areas of activation 
across all factors and were therefore selected as seed regions in psychophysiological 
interaction (PPI) analyses to explore their functional connectivity patterns with the whole 
brain. 
A region-of-interest (ROI) approach was used to investigate group comparisons in 
the PPI analyses between seed regions and four brain regions, identified a priori using 
coordinates from various meta-analyses employing activation likelihood estimation 
methodology: (1) the right dorsomedial prefrontal cortex [x:10, y:40, z:52] associated 
with mentalization of autobiographical memories (Andrews-Hanna, Saxe, & Yarkoni, 
2014); (2) the right dorsolateral prefrontal cortex [x:40, y:23, z:44] and (3) the right 
anterior insula [x:44, y:16, z:4] linked to cognitive reappraisal emotion regulation 
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strategies (Morawetz et al., 2017); and (4) the right posterior insula [x:-35, y:-13, z:9] 
associated with interoception based on insular functional mapping (Kurth, Zilles, Fox, 
Laird, & Eickhoff, 2010). A 10mm sphere was created around the coordinates listed 
above using PickAtlas software (Maldjian, Laurienti, Kraft, & Burdette, 2003) and was 
used in a ROI-correction analysis for clusters that did not survive the family-wise error 
voxel-wise threshold p<0.05, k=10. Significant clusters identified in the ROI analyses 
were adjusted for multiple comparisons at a voxel-wise FWE-corrected threshold set at 
p≤0.0125, k=10, calculated by dividing the original pFWE <0.05 threshold by four to 
account for each ROI used. Finally, we correlated neuroimaging data from the PPI 
analyses with self-reported clinical state symptom scores collected in the scanner (RSDI, 
STAI, CADSS) and trait symptom scores collected prior to experiment (MDI, BDI, 
CAPS). 
5.3 Results 
5.3.1 fMRI Statistical Analyses 
The peak coordinates of activation in the omnibus ANOVA test included the right frontal 
eye field (FEF) [x:46, y:0, z:56] and the right supplementary eye field (SEF) [x:2, y:2, 
z:62], which were used subsequently as seed regions for psychophysiological interaction 
analyses (PPIs) to explore their functional connectivity with the frontal and parietal brain 
regions listed as regions-of-interest above (right dorsomedial prefrontal cortex, right 
dorsolateral prefrontal cortex, right anterior insula and right posterior insula). Additional 
cortical regions that were activated in the ANOVA effect, interactions and main factor 
effects are listed in Appendix D. Although we present inclusively all post-hoc results 
from the ANOVA in Appendix D, including all measures from each factor, we discuss 
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here horizontal saccadic and smooth pursuit eye movements in the context of 
traumatic/stressful memory only, as these are of primary interest for studying the 
underpinnings of emotion regulation using horizontal eye movements during EMDR. All 
results are based on comparisons to the implicit baseline measure (without oculomotor 
stimuli).  
5.3.2 Psychophysiological Interactions 
5.3.2.1 Right Frontal Eye Field 
Significant regions in the PPI omnibus ANOVA test are listed in the supplementary 
material. There were no significant two-way or three-way interactions observed between 
the memory, oculomotion or participant group factors, and no significant clusters within 
the main effect for each factor. Post-hoc one-sample t-tests within each variable did not 
yield significant connectivity with the frontal and parietal brain regions studied. 
5.3.2.1.1 Between Participant Group, Within Motion, Between 
Memory 
As compared to the PTSD group, the healthy control group showed increased right FEF 
connectivity with the right posterior insula during horizontal smooth pursuit eye 
movements in the traumatic/stressful memory retrieval versus neutral memory retrieval 
condition (Table 5.2a; Figure 5.3a). 
5.3.2.1.2 Between Participant Group, Between Motion, Between 
Memory 
As compared to the healthy control group, the PTSD group showed increased right FEF 
connectivity with the right dorsolateral prefrontal cortex during horizontal smooth 
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pursuit>horizontal saccadic eye movements in the traumatic/stressful memory retrieval 
versus no memory retrieval condition (Table 5.2a; Figure 5.3a).  
Table 5.2 Right frontal and supplementary eye field psychophysiological interaction 
post-hoc two-sample t-tests and correlations with clinical dissociative symptoms 
 LR BA Region k vFWE Z-
Score 
MNI 
Coordinates 
 x        y      z 
A. Right Frontal Eye 
Field 
Psychophysiological 
Interaction Post-
hoc Analysis 
         
Between Group, Within 
Motion, Between Memory 
         
Control>PTSD 
Traumatic/stressful>Neutral 
Memory 
Smooth Pursuit 
R 13 Posterior 
Insula 
18 0.007* 4.08 36 4 14 
          
Between Group, Between 
Motion, Between Memory 
         
PTSD>Control 
Traumatic/stressful>No 
Memory 
Smooth Pursuit>Saccadic 
R 9 Dorsolateral 
Prefrontal 
Cortex 
12 0.005* 4.19 48 28 38 
          
B. Right 
Supplementary Eye 
Field 
Psychophysiological 
Interaction Post-
hoc Analysis 
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Between Group, Within 
Motion, Within Memory 
         
Control>PTSD 
Traumatic/stressful Memory  
Saccadic 
L/R 7 Precuneus 161 0.020 5.07 0 -70 56 
PTSD>Control 
Traumatic/stressful Memory 
Smooth Pursuit 
R 8 Dorsomedial 
Prefrontal 
Cortex 
42 0.002* 4.06 10 36 58 
          
Between Group, Within 
Motion 
Between Memory 
         
Control>PTSD 
Traumatic/stressful>No 
Memory 
Saccadic 
L/R 7 Precuneus 376 0.017 5.19 0 -70 56 
          
Between Group,  
Between Motion, Within 
Memory 
         
PTSD>Control 
Traumatic/stressful Memory 
Smooth Pursuit>Fixation 
Dot 
R 8 Dorsolateral 
Prefrontal 
Cortex 
43 0.001* 4.40 36 24 38 
PTSD>Control 
Traumatic/stressful Memory 
Smooth Pursuit>Saccadic 
R 9 Dorsomedial 
Prefrontal 
Cortex 
50 0.001* 4.45 8 34 56 
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 R 8 Dorsolateral 
Prefrontal 
Cortex 
57 0.008* 3.93 42 22 44 
          
Between Group, Between 
Motion, Between Memory 
         
PTSD>Control 
Traumatic/stressful>Neutral 
Memory 
Saccadic>Fixation Dot 
R 44 Anterior 
Insula 
10 0.002* 4.49 48 14 14 
          
C. Negative 
Supplementary Eye 
Field Connectivity 
with Dissociation 
Measures  
         
MDI-Total Trait 
Dissociative Measures 
         
 R 9 Dorsolateral 
Prefrontal 
Cortex 
14 0.004* 4.35 42 34 42 
          
RSDI-Dissociative State 
Dissociative Measures 
         
 R 9 Dorsolateral 
Prefrontal 
Cortex 
11 0.002* 4.40 44 32 42 
Exploratory functional connectivity analyses (psychophysiological interaction) of the (A) 
right frontal eye field and (B) right supplementary eye field seed regions during traumatic 
memory retrieval with concurrent horizontal smooth pursuit and horizontal saccadic eye 
movements versus the implicit baseline. Section (C) shows negative supplementary eye 
field exploratory functional connectivity correlations with increasing clinical trait 
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dissociative and state dissociative measures in PTSD during traumatic memory retrieval 
with simultaneous horizontal smooth pursuit eye movements.  
Results are listed at pFWE<0.05, those marked with an * are region-of-interest corrected 
at pFWE≤0.0125 with adjusting for multiple comparisons.  
Abbreviations: LR, left/right hemisphere; BA, Brodmann Area; k, cluster size; vFWE, 
voxel-wise family-wise error corrected; MNI, Montréal Neurological Institute; MDI, 
Multiscale Dissociation Inventory; RSDI, Responses to Script-Driven Imagery Scale. 
 
5.3.2.2 Right Supplementary Eye Field 
Significant regions in the PPI omnibus ANOVA test, interactions and main factor effects 
are listed in the supplementary material. Post-hoc one-sample t-tests within each variable 
did not yield significant connectivity with the frontal and parietal brain regions studied.  
5.3.2.2.1 Between Participant Group, Within Motion, Within 
Memory 
As compared to the healthy control group, the PTSD group showed increased right SEF 
connectivity with the right dorsomedial prefrontal cortex during horizontal smooth 
pursuit eye movements in the traumatic/stressful memory retrieval condition. By contrast, 
as compared to the PTSD group, the healthy control group showed increased right SEF 
connectivity with the medial precuneus during horizontal saccadic eye movements in the 
traumatic/stressful memory retrieval condition (Table 5.2b; Figure 5.3b). 
5.3.2.2.2 Between Participant Group, Within Motion, Between 
Memory 
As compared to the PTSD group, the healthy control group showed increased right SEF 
connectivity with the medial precuneus during horizontal saccadic eye movements in the 
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traumatic/stressful memory retrieval versus no memory retrieval condition (Table 5.2b; 
Figure 5.3b). 
 
5.3.2.2.3 Between Participant Group, Between Motion, Within 
Memory 
As compared to the healthy control group, the PTSD group showed increased right 
supplementary eye field connectivity with the right dorsolateral prefrontal cortex during 
horizontal smooth pursuit eye movements as compared to both the stationary central 
fixation dot stimulus and the horizontal saccadic eye movements in the 
traumatic/stressful memory retrieval condition. In addition, as compared to the healthy 
control group, the PTSD group showed increased right SEF connectivity with the right 
dorsomedial prefrontal cortex during horizontal smooth pursuit as compared to horizontal 
saccadic eye movements during the traumatic/stressful memory retrieval condition (Table 
5.2b; Figure 5.3b). 
5.3.2.2.4 Between Participant Group, Between Motion, Between 
Memory 
As compared to the healthy control group, the PTSD group showed increased right SEF 
connectivity with the right anterior insula during horizontal saccadic eye movements>the 
stationary central fixation dot stimulus in the traumatic/stressful versus neutral memory 
retrieval condition (Table 5.2b; Figure 5.3b).  
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Figure 5.3 Explorative functional connectivity analyses (psychophysiological 
interaction) of the (A) right frontal eye field [FEF; (x: 46, y: 0, z: 56)] and the (B) right 
supplementary eye field [SEF; (x: 2, y: 2, z: 62)] seed regions during the traumatic 
memory retrieval condition. (A) During retrieval of a traumatic/stressful memory, as 
compared to the PTSD patient group, healthy controls demonstrated increased right FEF 
connectivity with the right posterior insula with simultaneous smooth pursuit eye 
movements. In contrast, as compared to healthy controls, PTSD patients demonstrated 
increased right FEF connectivity with the right dorsolateral prefrontal cortex during 
retrieval of a traumatic memory with simultaneous smooth pursuit eye movements. (B) 
During retrieval of a traumatic/stressful memory with smooth pursuit eye movements, as 
compared to healthy controls, PTSD patients showed increased right SEF connectivity 
with the right dorsomedial and the right dorsolateral prefrontal cortices. In addition, as 
compared to controls, PTSD showed increased right SEF connectivity with the right 
anterior insula during retrieval of a traumatic memory with concurrent saccadic eye 
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movements. All results are shown at pFWE≤0.0125, k=10, to correct for multiple 
comparisons; however, the precuneus is pFWE whole-brain corrected at p<0.05, k=10. 
5.3.2.2.5 Clinical Correlations 
Trait dissociative symptoms, measured by the self-reported MDI scale prior to the study, 
correlated negatively with right SEF connectivity with the right dorsolateral prefrontal 
cortex in the PTSD group during traumatic memory retrieval while performing 
concurrent horizontal smooth pursuit eye movements. Moreover, dissociative symptoms 
reported by the PTSD group in the scanner just prior to the experiment and measured by 
the RSDI scale correlated negatively with right SEF connectivity with the right 
dorsolateral prefrontal cortex during traumatic memory retrieval with concurrent 
horizontal smooth pursuit eye movements (Table 2c; Figure 5.4). No significant 
correlations emerged between dissociative symptoms and right FEF connectivity patterns.  
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Figure 5.4 Explorative negative functional connectivity correlations with clinical dissociative measures 
in the right supplementary eye field psychophysiological interaction during the traumatic memory 
retrieval condition. During retrieval of a traumatic memory with horizontal smooth pursuit eye 
movements, trait dissociation (MDI) symptoms and state dissociation symptoms (RSDI) measures 
collected just prior to the scan correlated negatively with right supplementary eye field connectivity with 
the right dorsolateral prefrontal cortex. Results are shown at pFWE≤0.0125, k=10, corrected for multiple 
comparisons. 
5.4 Discussion 
In a pilot study aimed at enhancing our current understanding of the neurobiological 
mechanisms underlying EMDR therapy, we examined how oculomotion influences the 
neural circuitry engaged during retrieval of traumatic/stressful autobiographical 
memories in PTSD and healthy controls. We hypothesized initially that eye movements 
would activate the dorsal attentional network at the frontal and supplementary eye fields.  
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In turn, this network was expected to interact with frontoparietal brain regions involved 
in autobiographical memory retrieval, thus initializing a larger frontoparietal executive 
control network that recruits areas involved in higher-order cognitive demands, including 
emotion regulation. Overall, our results supported these hypotheses, demonstrating that 
frontoparietal regions involved in autobiographical memory retrieval and emotion 
regulation show connectivity with the right frontal and supplementary eye fields during 
the retrieval of a traumatic/stressful memory while performing concurrent horizontal 
saccadic and smooth pursuit eye movements. A full summary of study results can be 
found in the supplementary material. In keeping with previous studies (see Andrade et al., 
1997; Barrowcliff et al., 2004), however, we discuss here only those results pertaining to 
the implementation of horizontal eye movements during retrieval of traumatic/stressful 
memories as these findings have direct relevance to identifying the neural mechanisms 
underlying EMDR. In addition, we highlight below the influence of simultaneous 
oculomotion during traumatic/stressful autobiographical memory retrieval on the 
recruitment of a frontoparietal executive control network that has the potential to 
facilitate top-down emotion regulation. 
5.4.1 Top-Down Emotion Regulation 
The findings of the present study point towards co-activation of the two functional 
subdivisions of the frontoparietal executive control network (Dixon et al. 2018), where 
ocular sensorimotor processing and introspection during traumatic/stressful 
autobiographical memory retrieval are thought to work in tandem to facilitate higher-
order cognitive processes such as emotion regulation. Specifically, during 
traumatic/stressful memory retrieval with simultaneous horizontal smooth pursuit eye 
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movements, as compared to controls, the PTSD group showed increased right frontal and 
supplementary eye field connectivity with the right dorsolateral prefrontal cortex, as well 
as increased right supplementary eye field connectivity with the right dorsomedial 
prefrontal cortex.  
Pagani et al. (2012), in trying to elucidate the role of eye movements in cognitive 
processing of traumatic memories during EMDR, suggest that the prefrontal cortex is 
central to this processing due to its involvement in self-referential processing of the 
emotional content underlying a memory. Indeed, self-referential processing is thought 
critical for event processing, as it aids in introspective reflection on a memory by 
providing context through interpretation of the emotion it evokes (Svoboda et al., 2006; 
St. Jacques et al., 2011). Here, the dorsolateral and dorsomedial prefrontal cortices are 
critical not only to the mediation of emotion regulation strategies to dampen negative 
emotions, but also for initiating the retrieval of an episodic memory (Andrews-Hanna et 
al., 2014; Frewen et al., 2017; Steinvorth, Corkin, & Halgren, 2006). Although 
individuals tend to integrate negative memories during REM sleep where the frontal lobe 
is largely inhibited (Hobson et al., 1998; Marshall et al., 2006; Nishida et al., 2009), 
Stickgold (2002) suggests eye movements may, conversely, engage the frontal lobe 
during the retrieval of episodic memories, thus enhancing the capacity for top-down 
emotion regulation. Critically, individuals with PTSD have been shown to have a 
decreased capacity for top-down emotion regulation  (Frewen, Dozois, Neufeld, & 
Lanius, 2011), and thus, may require greater effort to recruit brain regions necessary for 
top-down emotion regulation as compared to healthy individuals. Accordingly, we 
suggest that engagement of the oculomotor frontoparietal network observed here among 
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individuals with PTSD may represent a compensatory neurobiological mechanism that 
facilitates downstream recruitment of regions impacted by emotion regulation, including 
the insula, in an effort to reduce the intense negative affect associated with a traumatic 
memory.  
Brain regions involved in top-down emotion reappraisal, such as the dorsal 
prefrontal cortex, act on downstream structures, including the anterior and posterior 
regions of the insula (Goldin, McRae, Ramel, & Gross, 2008). Here, in the PTSD group as 
compared to in controls, during horizontal saccadic eye movements, the right 
supplementary eye field showed increased connectivity with the right anterior insula, a 
region thought central to identifying emotional feeling states. As compared to controls, the 
PTSD group reported more intense negative emotions following retrieval of a traumatic 
memory (Table 1). Hence, increased connectivity between the right supplementary eye 
field and the right insula may represent an increased attempt at regulation of intense 
emotion associated with traumatic memory retrieval in PTSD.  
The anterior insula is thought to maintain one’s sense of time; however, sensory 
overload from emotionally salient events may consume neural resources at the expense of 
the ability to assess the chronology of these events (Craig, 2009). This disruption may 
impact negatively memory processing, where the anterior insula is believed critical to the 
creation of a coherent emotional narrative of a memory with respect to time (Craig, 2009). 
Individuals with PTSD have been shown to suffer from a compromised ability to produce a 
coherent narrative of traumatic memories (Ehlers et al., 1998; Gray & Lombardo, 2001; 
van der Kolk & Fisler, 1995), and accordingly, may show reduced higher-order processing 
of its affective and sensory elements.  
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The increased right supplementary eye field recruitment of the right anterior insula 
in the PTSD group as compared to in controls suggests a potential role of eye movements 
in strengthening one’s internal sense of time during retrieval of a traumatic memory. In 
turn, this enhanced chronological awareness may facilitate being able to more accurately 
retrieve a traumatic memory as an experience belonging to the past. Notably, these 
findings align with the concept of ‘neuroentrainment’ in EMDR (Coubard, 2015), which 
postulates rhythmic eye movements engage attentional processes to synchronize both 
affective and temporal components of traumatic memories.  
Thus, among individuals with PTSD, the right supplementary eye field may: i) 
recruit the right anterior insula to assist in identifying a temporally coherent emotional 
narrative associated with the retrieval of a traumatic memory; and ii) recruit other cortical 
midline structures (e.g., dorsal prefrontal cortex) to assist in processing its intense negative 
emotional content. 
As noted, as compared to the PTSD group, controls reported significantly less 
intense negative emotions following retrieval of a stressful memory while engaged in 
oculomotor movements (Table 1). We suggest that, among those who are not traumatized 
by a stressful experience, it may not be necessary to recruit additional cortical regions in an 
effort to engage top-down emotion regulation processes. As compared to individuals with 
PTSD, the healthy control group showed increased right frontal eye field connectivity with 
the right posterior insula only during retrieval of a stressful memory with simultaneous 
horizontal smooth pursuit eye movements. Pagani, Högberg, Fernandez, & Siracusano 
(2013) have emphasized previously the importance of EMDR in facilitating explicit 
cortical emotional processing of a traumatic memory over subcortical structures that carry 
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implicit affective components of a memory. Similarly, Corrigan & Grand (2013) suggest 
that top-down cortical integration of the episodic and the emotional components of a 
traumatic memory through EMDR may aid in memory reprocessing at the level of 
midbrain subcortical structures that help generate basic autonomic and instinctual 
responses to sensory input from the memory, such as the superior colliculus and the 
periaqueductal gray, where the latter may relay the implicit affective component of the 
memory through functional connections with the insula (Harricharan et al., 2016). Hence, 
during retrieval of a traumatic memory with simultaneous horizontal smooth pursuit eye 
movements, controls may require cortical control of the implicit negative affective 
intensity experienced at the level of the posterior insula only. In contrast, individuals with 
PTSD may require additional recruitment of higher-order emotion regulation brain regions 
(e.g., dorsolateral prefrontal cortex) to cope with the heightened emotional intensity 
experienced during retrieval.  
On balance, we suggest that in individuals with PTSD as compared to in controls, 
horizontal eye movements may activate the right frontal and supplementary eye fields as 
an alternative mechanism to engage prefrontal regions involved in emotion regulation. 
These neural operations, in turn, are likely to assist in top-down reappraisal of a traumatic 
memory, thus reducing the negative affective intensity experienced upon its retrieval. 
5.4.2 Dissociative Symptoms May Impede Emotion Regulation 
PTSD patients with symptoms of depersonalization and derealisation often experience an 
altered perception of the self and its surroundings. In the present study, among individuals 
with PTSD, dissociative symptoms (MDI and RSDI) correlated negatively with right 
supplementary eye field connectivity with the right dorsolateral prefrontal cortex during 
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traumatic memory retrieval involving simultaneous horizontal smooth pursuit eye 
movements (Figure 5.4). Interestingly, a previous study by Bae, Kim, & Park, (2016) 
revealed poor treatment outcomes in patients with high scores on the Dissociative 
Experiences Scale (Bernstein & Putnam, 1986) when undergoing EMDR therapy. Taken 
together, we suggest that decreased ability of the oculomotor brain regions (i.e., 
supplementary and frontal eye fields) to engage regions involved in top-down emotion 
regulation, including the right dorsolateral prefrontal cortex, during traumatic memory 
retrieval may limit the efficacy of EMDR therapy in PTSD patients with significant 
dissociative symptoms. 
5.4.3 Limitations and Future Directions 
Several limitations of the current study need to be considered, including prominently its 
small sample size. Given that this was a pilot study, replication of the present study with a 
larger sample is warranted. A larger sample size will also be necessary to delineate any 
gender differences in activation of the oculomotor frontoparietal network during 
traumatic/stressful memory retrieval. Inclusion of a larger sample may also render it more 
feasible to include a trauma-exposed control group; however, it is often difficult to 
generate a comparably-sized sample group of traumatized controls that do not meet the 
lifetime criteria for one or more psychiatric disorders. Future studies are also required to 
elucidate the impact of each type of eye movement (i.e., horizontal versus vertical, smooth 
versus saccadic eye movements) in a larger sample. Notably, other types of bilateral 
stimulation, including tactile or auditory alternating bilateral stimulation, have been used in 
clinical practice with EMDR (González, Del Río-Casanova, & Justo-Alonso, 2017; 
Nieuwenhuis et al., 2013). Additional research is therefore necessary to determine whether 
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alternative bilateral stimulation methods show similar or different patterns of neural 
activation and of connectivity. Finally, given the potential of the present paradigm to 
identify the neural mechanisms underlying EMDR, it will be crucial to assess further the 
frontoparietal neural correlates of oculomotion, autobiographical memory and emotion 
regulation pre- and post-treatment among PTSD patients undergoing  multiple sessions of 
EMDR (see Power et al., 2002; Rothbaum, Astin, & Marsteller, 2005). 
 
5.4.4 Conclusions 
The present study represents an important first step in identifying the role of the 
frontoparietal executive control network in the reprocessing of traumatic/stressful 
memories using eye movements. Here, we describe the influence of oculomotion on the 
recruitment of frontoparietal brain regions that impact top-down emotion regulatory 
processes during traumatic memory retrieval. In addition, we suggest that top-down 
emotion reappraisal strategies that occur in association with eye movements in PTSD may 
enhance self-referential processing to assist in reducing the negative emotional context 
associated with a memory. These processes may, in turn, facilitate integration of the 
exteroceptive and interoceptive details underlying traumatic memories, thus reducing what 
is often their time independent and fragmentary nature. Overall, these findings begin to 
shed light on the potential neurobiological mechanisms underlying EMDR’s use as a 
treatment for PTSD. 
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Chapter 6  
6 « Discussion of Findings and Conclusions» 
This dissertation investigates the neural circuitry of subcortical and cortical brain regions 
associated with sensory processing in PTSD, its dissociative subtype, and healthy 
controls. In chapters 2 and 3, we investigated resting state functional connectivity 
patterns of brainstem structures central to interoceptive and exteroceptive processing, 
including the periaqueductal gray (Chapter 2) and vestibular nuclei (Chapter 3). Here, 
individuals with PTSD showed widespread periaqueductal grey resting-state connectivity 
with brain regions involved in emotional reactivity.  The periaqueductal gray plays a 
critical role in autonomic nervous system regulation. Significant alterations in its 
connectivity patterns with limbic and cortical regions involved in emotional reactivity 
may therefore influence how interoceptive viscerosensory input is processed in 
individuals with PTSD. Furthermore, when compared to healthy individuals, PTSD was 
associated with decreased brainstem vestibular nuclei connectivity with the posterior 
insula, pointing towards decreased interoceptive awareness among individuals who suffer 
from PTSD (Chapter 3). Moreover, individuals with the dissociative subtype of PTSD 
showed limited brainstem vestibular nuclei connectivity with the temporoparietal 
junction, an area that has been linked previously to depersonalization and understanding 
one’s own self-location in gravitational space, which may in turn impact exteroceptive 
sensory processing. In chapter 4, insula subregion resting-state connectivity was 
examined in PTSD, as the insula is thought to be a key node for relaying interoceptive 
and exteroceptive sensory information from the brainstem to the cortex. Here, when 
compared to healthy individuals, individuals with PTSD and its dissociative subtype 
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showed limited insula subregion resting-state connectivity with the frontal lobe. Notably, 
the insula is hypothesized to assist in identifying emotional states underlying incoming 
viscerosensory information and is believed critical for facilitating activation of frontal 
lobe structures in the central executive network, a network critical for higher-order 
cognitive tasks, including emotion regulation. Thus, decreased insula subregion 
connectivity with frontal lobe structures in PTSD as compared to healthy individuals may 
point to a decreased capacity to translate sensory information to frontal lobe structures 
involved in emotion regulation. In chapter 5, a task-based paradigm that involved 
performance of oculomotor movements during simultaneous traumatic memory recall 
was used to explore the impact of simultaneous exposure to interoceptive (traumatic 
memory recall) and exteroceptive (horizontal eye movements) sensory information 
among traumatized individuals. Here, activation of brain regions involved in the dorsal 
attentional network, including the frontal and supplementary eye fields, showed increased 
connectivity with frontoparietal cortical structures central to emotion regulation. Taken 
together, these findings point toward a potential neurobiological mechanism through 
which exposure to simultaneous exteroceptive and interoceptive sensory input may 
influence the frontoparietal cortical representation of a traumatic memory, thus 
decreasing the emotional intensity of the memory and aiding its reintegration into the 
embodied neural representation of one’s self. The cumulative findings from each chapter 
of this dissertation have been summarized in the form of a hierarchy (Figure 6.1) that 
proposes a theoretical framework/model of sensory processing in PTSD.  
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Figure 6.1 Theoretical Framework for Sensory Processing in PTSD 
  
6.1 Interoceptive Sensations 
At the base of the hierarchy, it is proposed that during rest, continuous sensory flow from 
the internal viscera and one’s surroundings reaches the midbrain of the brainstem, thus 
evoking internal visceral sensations that provide primitive interoceptive sensory 
information to lay the foundation for bottom-up sensory processing to the cortex (see 
Panksepp, 2002; Northoff & Panksepp, 2008). Barrett & Simmons (2015) identified 
previously the periaqueductal grey as a key midbrain structure for receiving interoceptive 
information from within the body (also see Wiens, 2015). In the present investigation, 
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even at rest, individuals with PTSD showed widespread periaqueductal gray connectivity 
with areas involved in emotional reactivity (see chapter 2). Thus it appears that , even 
during rest, individuals with PTSD have a predisposition to activate the innate alarm 
system, a subcortical brain network that includes the periaqueductal gray, the amygdala, 
the cerebellum, the thalamus, and the prefrontal cortex and is hypothesized to facilitate 
fast defensive responses to a perceived threat (Liddell et al., 2005; Steuwe et al., 2013; 
Lanius et al., 2017). Hypervigilance of one’s surroundings may, in turn, compromise the 
ability to process exteroceptive sensory information from the environment and thereby 
negatively affect the relationship between one’s self and one’s surroundings. Here, we 
hypothesize that primitive interoceptive sensations lay the foundation for which 
exteroceptive sensory information is interpreted, where internal visceral sensations may 
influence how sensory information from the external environment is relayed to the 
cortex.  
6.2 Exteroceptive Sensations 
Exteroceptive sensory information is continuously acquired from the environment to 
inform the relationship between one’s self and one’s surroundings (Hitier, Besnard, & 
Smith, 2014; Lopez, Halje, & Blanke, 2008). The vestibular system plays a crucial role in 
this process, as it is a subconscious system that consistently monitors one’s position in 
gravitational space through the acquisition of both exteroceptive and interoceptive 
sensory information at the level of the brainstem vestibular nuclei (Guldin & Grusser, 
1998; Farb, Segal, & Anderson, 2012). The vestibular system is critical for maintaining 
one’s physical equilibrium where sensory information is eventually relayed to the 
parieto-insular vestibular cortex for both exteroceptive and interoceptive processing 
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(Lopez & Blanke, 2011). Ultimately, both exteroceptive and interoceptive information 
from the brainstem are thought to be utilized in tandem to facilitate multisensory 
integration at the level of the prefrontal cortex, thus allowing humans to develop mental 
constructs of the external world and guiding navigation through the environment 
(Lenggenhager & Lopez, 2015).  
Notably, resting-state vestibular nuclei connectivity patterns in the dissociative 
subtype of PTSD (see chapter 3) provide critical insights into how depersonalization and 
derealization symptoms may negatively impact the capacities for exteroceptive sensory 
processing. Specifically, when compared to healthy individuals, the dissociative subtype 
showed limited vestibular nuclei connectivity with the temporoparietal junction within 
the parieto-insular vestibular cortex, a pattern of neural disruption that may negatively 
affect the ability to understand one’s own self-orientation in space and can lead to 
feelings of disembodiment (Blanke, Slater, & Serino, 2015; Ionta et al., 2011; Pfeiffer, 
Serino, & Blanke, 2014). In addition, when again compared to healthy individuals, the 
dissociative subtype showed limited vestibular nuclei connectivity with the dorsolateral 
prefrontal cortex, which may negatively affect traumatized individuals’ capacity for 
multisensory integration and navigation through their respective external environments.  
Taken together, the current findings concerning the periaqueductual gray and the 
vestibular brainstem nuclei indicate that individuals with PTSD and its dissociative 
subtype experience significantly altered subcortical resting-state connectivity patterns 
with cortical structures that together may make them more susceptible to aberrations in 
sensory processing. In addition, these findings emphasize the importance of classifying 
individuals with PTSD separately based on the presence of the dissociative subtype, 
233 
 
where, at the cortical level, individuals with and without the dissociative subtype showed 
distinct alterations in the multisensory integration of interoceptive and exteroceptive 
information.  
6.3 Interoceptive Inference 
The insula is a critical structure for receiving both interoceptive viscerosensory input 
from the brainstem and is key for processing salient stimuli from the external 
environment (Barrett & Wager, 2006; Etkin & Wager, 2008; Menon, 2011). It is 
therefore a key node for the convergence of exteroceptive and interoceptive sensory 
information (Wiens, 2015) and is thought to make an interoceptive inference based on the 
sensory information that is received. The latter process would be postulated to move 
beyond the primary level of the phenomenological experience of sensory information at 
the brainstem and progress to a secondary level of awareness of an emotional experience 
at the level of the cortex. The insula may thus assist in making an interoceptive inference 
by identifying the emotional feelings underlying incoming viscerosensory input. 
Ultimately, we propose that awareness of an emotional feeling may aid in its translation 
to the central executive network, which encompasses the lateral frontoparietal cortex, and 
is necessary for identification of the contextual meaning of an emotional feeling (Seeley 
et al., 2007; Menon & Uddin, 2010; Wager et al., 2015). Specifically, the findings 
presented in chapter 4 revealed that during rest, when compared to PTSD and its 
dissociative subtype, healthy individuals displayed increased insula subregion 
connectivity to higher-order frontal areas, including the pre- and post-central gyri and the 
dorsolateral prefrontal cortex. By contrast, whereas individuals with PTSD showed 
increased connectivity with subcortical areas observed in hyperemotionality, the 
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dissociative subtype showed increased insula connectivity with structures involved in 
maintaining implicit memory. Overall, limited insula subregion connectivity to higher-
order cortical structures for multisensory integration suggests strongly that individuals 
with PTSD lack the capacity to evaluate the contextual meaning of an interoceptive 
inference based on incoming exteroceptive and interoceptive sensory information. Given 
that the insula is central to emotion processing, it is further probable that disruption of 
insula subregion connectivity patterns among individuals with PTSD contributes to the 
distinctive patterns of emotion dysregulation observed among PTSD and its dissociative 
subtype, including hyperemotionality and emotional blunting states, respectively.  
 Taken together, the current findings overwhelmingly suggest that the insula plays 
a pivotal role in translating sensory information to higher-order frontal structures 
involved in the central executive network underlying higher-order cognitive functions, 
including emotion regulation. Ultimately, if increased insula connectivity with frontal 
lobe structures involved in the central executive network facilitates emotion regulation, 
rehabilitation of this connectivity pattern would be expected to aid in the reintegration of 
traumatic memories and in reduction of their emotional intensity, thus improving PTSD 
symptomatology. 
6.4 Multisensory Integration and the Embodied Self 
In the next phase of the hierarchy, it is proposed that multisensory integration at a cortical 
level is critical for interpretation of interoceptive inferences containing exteroceptive and 
interoceptive sensory information relayed from the brainstem. Here, integrating sensory 
information into one’s own mental constructs can inform one’s behavior in response to 
one’s surroundings. As described above, the dorsal prefrontal cortex is thought critical for 
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multisensory integration (Aupperle, Melrose, Stein, & Paulus, 2012; Picó-Pérez, Radua, 
Steward, Menchón, & Soriano-Mas, 2017) and its activation is necessary for carrying out 
executive functioning tasks such as emotion regulation (Cromheeke & Mueller, 2014; 
Menon, 2011). In Chapter 5, oculomotor eye movements performed simultaneously with 
traumatic memory recall provided explicit exposure to both exteroceptive and 
interoceptive information. This activation of the dorsal attentional network through the 
frontal and supplementary eye fields is hypothesized to facilitate recruitment of neural 
structures involved in both the default-mode and central executive frontoparietal 
networks. The dorsal attentional network and the default-mode network are thought to 
work in tandem to facilitate further activation of the central executive network necessary 
to carry out higher-order cognitive tasks, including emotional regulatory processes (Pico-
Perez et al., 2017) typically altered among individuals with PTSD (Andrews-Hanna, 
Smallwood, & Spreng, 2014; Frewen, Thornley, Rabellino, & Lanius, 2017; Steinvorth, 
Corkin, & Halgren, 2006). On balance, our finding suggests that exposure to 
simultaneous exteroceptive and interoceptive sensory stimuli through oculomotor eye 
movements performed simultaneous to traumatic memory recall engages the dorsal 
attentional network and default-mode frontoparietal networks that subsequently work in 
tandem to facilitate connectivity with structures in the central executive network, 
including the dorsolateral and dorsomedial prefrontal cortex, necessary for multisensory 
integration. Moreover, once the central executive network is engaged, it may recruit 
further neural regions critical for emotion regulation, thus assisting with the reintegration 
of a traumatic memory. Critically, the eventual reintegration of traumatic memories may 
facilitate one’s attainment of the embodied self, the apex of the hierarchy, where one has 
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the ability to engage top-down cognitive processes that assist in coordinating behavioural 
responses to incoming exteroceptive and interoceptive information.  
6.5 Limitations and Future Directions   
While this dissertation employs broadly used neuroscientific research methods to study the 
neural circuitry underlying brain structures thought to be critical to sensory processing in 
individuals with PTSD, several limitations need to be considered. Firstly, while 
comorbidity of PTSD with other psychiatric disorders was acknowledged among recruited 
participants, the specificity of these findings to posttraumatic stress disorder requires 
further investigation. Secondly, future studies should aim to investigate the findings from 
the experimental chapters as a function of gender and also delineate further the effect of 
psychiatric medications on the differential patterns of neural connectivity that are 
addressed in the thesis. Finally, while this body of work addresses the role of neural 
connectivity between brain structures thought to be involved in the integration between 
mind and body, these data have yet to be related to physical markers that may elucidate 
significant findings about somatic manifestations that may occur as a direct result of post-
traumatic stress disorder.  
6.6 Conclusions 
Overall, the findings of this dissertation reveal that individuals with PTSD experience 
aberrations in the neural circuitry necessary for processing both interoceptive and 
exteroceptive sensory information. We hypothesize that these observed alterations in 
interoceptive and exteroceptive neural processing may underlie, in part, the emotion 
dysregulation and maladaptive responses to chronic stress, including hypervigilance and 
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dissociative symptoms, observed in PTSD and its dissociative subtype. Moreover, when 
the foundation of the proposed sensory processing hierarchy outlined here is disrupted at 
the brainstem level in PTSD, this disruption may have cascading effects on its neural 
afferentation to higher-order cortical areas, such as the insula and the prefrontal cortex, 
thereby limiting one’s ability to obtain an interoceptive inference and also one’s capacity 
to perform multisensory integration for cognitively demanding tasks, such as emotion 
regulation. Future studies should aim to investigate further the impact of brainstem 
structures in post-traumatic stress disorder, through employing neuroimaging techniques 
that examine the brainstem at higher magnetic field strengths and using dynamic causal 
modelling techniques that determine the directionality of these processes. Overall, 
delineating the neural circuitry underlying the processing of sensory information in PTSD 
through the lens of exteroceptive and interoceptive information may offer valuable 
insights for understanding the pathogenesis of PTSD and may assist with delineating its 
neurobiological mechanisms. Identification if this circuitry also has the potential to shed 
light on clinical interventions, such as eye movement desensitization and reprocessing, 
shown previously to assist with the reintegration of traumatic memories and recovery 
from trauma.  
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Supple
mentar
y Table 
1 
Omnibu
s 
ANOVA 
Test for 
3x2 Full 
Factori
al 
 
 
Supple
mentar
y Table 
1.  3 
(Group) 
x 2 
(PAG 
subdivis
ion) 
Full 
Factori
al 
ANOVA. 
243 
 
Areas revealed in the full-factorial interaction between group (Control, PTSD-DS, 
PTSD+DS) and PAG subdivision (DL- and VL-PAG), as well as the main effects for each 
factor. Abbreviations: L/R, left or right hemispheres; BA, Brodmann area. Full factorial 
analysis of variance displayed FWE whole brain corrected clusters at p<0.05, k=50. 
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Supplementary Table 2: Results of Healthy Control PAG Functional Connectivity 
Patterns 
Full factorial analysis of variance displayed FWE whole brain corrected clusters at 
p<0.05, k=50. Abbreviations: PTSD-DS, non-dissociative posttraumatic stress disorder 
patients; PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, 
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dorsolateral periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L/R, left or 
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hemis
phere
s; 
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mann 
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Supplementary Table 4: PTSD+DS versus Healthy Controls PAG Functional 
Connectivity Patterns 
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Full factorial analysis of variance displayed FWE whole brain corrected clusters at 
p<0.05, k=50. Abbreviations: PTSD-DS, non-dissociative posttraumatic stress disorder 
patients; PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, 
dorsolateral periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L/R, left or 
right hemispheres; BA, Brodmann area. 
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Supplemental Figure 2. Orbitomedial Prefrontal Cortex. PTSD-DS and PTSD+DS 
patient groups demonstrated both DL- and VL-PAG functional connectivity with the 
orbitomedial prefrontal cortex (red circles) during resting state. FWE whole brain cluster 
corrected at p<0.05, k=50.  
Abbreviations: PTSD-DS, non-dissociative posttraumatic stress disorder patients; 
PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, dorsolateral 
periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L, left hemisphere; R, 
right hemisphere. 
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Su
ppl
em
ent
ary 
Fig
ure 3. Fusiform Gyrus. Both PTSD-DS and PTSD+DS demonstrated both DL- and VL-
PAG functional connectivity with the left fusiform gyrus (red circles) during resting state. 
PTSD-DS also demonstrated connectivity with the right fusiform gyrus (not shown). 
FWE whole brain cluster corrected at p<0.05, k=50. 
Abbreviations: PTSD-DS, non-dissociative posttraumatic stress disorder patients; 
PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, dorsolateral 
periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L, left hemisphere; R, 
right hemisphere. 
t 
t t 
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Supplementary Figure 4. Cerebellar Lobule VI. PTSD-DS demonstrated VL-PAG 
functional connectivity with cerebellar lobule VI (red circles), however PTSD+DS 
demonstrated both DL- and VL-PAG functional connectivity in the same area. PTSD+DS 
showed greater vlPAG functional connectivity with lobule VI when compared to PTSD-
DS. Full factorial analysis of variance displayed FWE whole brain corrected clusters at 
p<0.05, k=50.  
Abbreviations: PTSD-DS, non-dissociative posttraumatic stress disorder patients; 
PTSD+DS, dissociative posttraumatic stress disorder patients; DL-PAG, dorsolateral 
periaqueductal gray; VL-PAG, ventrolateral periaqueductal gray; L, left hemisphere; R, 
right hemisphere 
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Appendix B: Supplementary Material for Chapter 3 
Supplementary Table 1. Omnibus ANOVA Results from 3 (Group) x 2 (Region of 
Interest) Full Factorial ANOVA 
Contrast LR BA Region k pFWE Z MNI 
Coordinates 
   x         y         z  
Interaction  
Group x ROI 
L 44 Supramarginal 
Gyrus 
123 0.007 4.80 -56 24 26 
 R 10 Superior 
Frontal Gyrus 
62 0.031 4.45 30 66 0 
          
Main Effect 
ROI 
R 20 Inferior 
Temporal 
Gyrus 
617 0.005 4.84 50 -32 -18 
 R 38 Superior 
Temporal 
Pole 
 0.023 4.51 34 16 -30 
 R 21 Middle 
Temporal 
Gyrus 
 0.029 4.44 60 -14 -20 
 L  Cerebellar 
Lobule VI 
(Culmen) 
27 0.003 4.57 -28 -50 -32 
 L 10 Superior 
Frontal Gyrus 
111 0.040 4.37 -12 68 6 
 R 10 Superior 
Frontal Gyrus 
311 0.041 4.36 22 68 10 
          
Main Effect 
Group 
R 40 Supramarginal 
Gyrus 
12 0.008 4.78 66 -28 28 
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Areas revealed in the full-factorial interaction between group (PTSD, PTSD+DS, 
Controls) and vestibular nuclei (LVN and RVN), as well as the main effects for each 
factor. Full factorial analysis of variance displayed FWE whole-brain voxel-corrected at 
p<0.05, k=10. Peak coordinates without k (cluster size) values listed are subpeaks of the 
nearest k value listed above. 
Abbreviations: ROI, region-of-interest; L, left hemisphere; R, right hemisphere; BA, 
Brodmann Area; k, Cluster Size.  
 
Within Group Functional Connectivity Patterns 
i.) PTSD 
PTSD demonstrated LVN and RVN functional connectivity with the cerebellar lobule VI, 
the bilateral posterior insula, the right supramarginal gyrus, and the right superior frontal 
gyrus (BA 8) (Table II, Fig.1). There was also LVN and RVN connectivity with both the 
left medial dorsal and the right pulvinar thalamic nuclei, with additional RVN 
connectivity with the right medial dorsal and the medial geniculate thalamic nuclei. By 
contrast, LVN connectivity was observed with the cerebellar vermis, the right middle 
temporal gyrus, the right posterior cingulate cortex, and with premotor regions such as 
the left supplemental motor area and the right mid-cingulate (Table II). There was 
additional RVN connectivity with the left supramarginal gyrus, the right hippocampus, as 
well as various occipital regions such as the right fusiform and lingual gyri, as well as the 
right calcarine sulcus.  
ii.) PTSD+DS 
PTSD+DS demonstrated LVN and RVN functional connectivity with the cerebellar 
lobule VI, the left posterior insula, and the right thalamic pulvinar nuclei (Table II; 
Fig.1). Both LVN and RVN also demonstrated connectivity with multiple occipital brain 
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regions, including the left fusiform gyrus and the right calcarine sulcus, with additional 
RVN connectivity with the bilateral lingual gyrus. There was additional LVN 
connectivity with the right hippocampus. By contrast, RVN connectivity was observed 
with the cerebellar lobule I and the left middle temporal gyrus (Table II).  
iii.) Controls 
Healthy controls demonstrated LVN and RVN connectivity with the cerebellar lobule VI, 
the bilateral posterior insula, the left supramarginal gyrus, and the right superior frontal 
gyrus (BA 8) (Fig.1, Table II). There was both LVN and RVN connectivity with the left 
medial dorsal and the right pulvinar thalamic nuclei, with additional LVN connectivity 
with the right medial dorsal nuclei. In addition, LVN and RVN connectivity was 
observed with the primary motor (right precentral gyrus) and the premotor areas (right 
mid-cingulate; additional RVN connectivity with bilateral supplemental motor areas), as 
well as with the left primary auditory cortex (Heschl’s gyrus) (Table II).  
 
Supplementary Table 2. LVN and RVN Functional Connectivity Within Participant 
Group 
Contrast L
R 
B
A 
Region k vFWE Z MNI 
Coordinates 
x         y         z 
Within PTSD 
LVN 
L  Cerebellar 
Lobule VI 
5508
8 
<0.001 Inf -26 -48 -28 
 L  Cerebellar 
Vermis 
 <0.001 Inf -2 -60 -20 
 R 23 Mid-Cingulate  <0.001 7.6
6 
6 -40 36 
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 R 23 Posterior 
Cingulate 
Gyrus 
 <0.001 7.3
8 
10 -42 32 
 L 13 Posterior 
Insula 
 <0.001 6.0
8 
-36 -24 10 
 R 40 Supramarginal 
Gyrus 
 0.006 6.0
3 
38 -28 36 
 R 13 Posterior 
Insula 
 0.001 5.1
6 
36 -26 12 
 R 50 Pulvinar 
Thalamus 
42 <0.001 6.7
2 
10 -26 8 
  L 50 Medial Dorsal 
Thalamus 
 <0.001 6.3
4 
-8 -22 8 
 R 19 Middle 
Temporal 
Gyrus 
15 <0.001 5.6
8 
42 -62 2 
 R 8 Superior 
Frontal Gyrus 
21 0.006 4.8
2 
26 24 54 
 L 6 Supplemental 
Motor Area 
17 0.031 4.4
1 
-8 -2 76 
          
Within PTSD 
RVN 
R  Cerebellar 
Lobule VI  
5883
3 
<0.001 Inf 28 -52 -32 
 R 54 Hippocampus  <0.001 7.8
0 
30 -32 -4 
 R 23 Calcarine 
Sulcus 
 <0.001 7.4
9 
14 -56 10 
 R 37 Fusiform 
Gyrus 
 <0.001 7.6
9 
30 -58 -8 
 R 37 Lingual Gyrus  <0.001 7.5
0 
6 -44 -14 
 R 8 Superior  <0.001 5.9 6 16 48 
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Frontal Gyrus 9 
 L 13 Posterior 
Insula 
 <0.001 5.7
3 
-36 -26 10 
 R 13 Posterior 
Insula 
 <0.001 5.5
4 
34 -18 16 
 R 50 Medial Dorsal 
Thalamus 
42 <0.001 6.4
4 
10 -26 8 
 L 50 Medial 
Geniculate 
Thalamus 
 <0.001 6.3
1 
-2 -20 4 
 L 50 Medial Dorsal 
Thalamus 
 <0.001 6.0
2 
-8 -22 8 
 R 50 Pulvinar 
Thalamus 
 <0.001 5.3
4 
10 -28 2 
 R 40 Supramarginal 
Gyrus 
15 <0.001 6.2
1 
66 -28 28 
 L 40 Supramarginal 
Gyrus 
34 0.002 5.0
0 
-62 -26 42 
          
Within 
PTSD+DS LVN 
L  Cerebellar 
Lobule VI  
1267
4 
<0.001 7.3
5 
-38 -50 -28 
 L 37 Fusiform 
Gyrus 
 <0.001 6.2
1 
-24 -38 -20 
 R 54 Hippocampus  <0.001 5.9
6 
30 -32 -4 
 L 13 Posterior 
Insula 
 0.011 4.6
7 
-36 -24 16 
 R 23 Calcarine 
Sulcus 
49 <0.001 5.3
5 
14 -56 10 
 R 50 Pulvinar 
Thalamus 
28 0.001 5.1
9 
12 -26 6 
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Within 
PTSD+DS RVN 
L 37 Fusiform 
Gyrus 
2004
3 
<0.001 Inf -40 -46 -22 
 L  Cerebellar 
Lobule VI 
 <0.001 Inf -38 -48 -28 
 L  Cerebellar 
Lobule I Crus 
 <0.001 6.9
4 
-44 -52 -28 
 L 13 Posterior 
Insula 
 0.001 5.2
2 
-40 -26 12 
 L 20 Middle 
Temporal 
Gyrus 
 <0.001 6.2
2 
-50 -32 -16 
 L 19 Lingual Gyrus  <0.001 6.0
0 
-24 -52 -8 
 R 23 Calcarine 
Sulcus 
94 <0.001 6.2
4 
14 -56 10 
 R 18 Lingual Gyrus  0.038 4.3
6 
24 -58 2 
 R  50 Pulvinar 
Thalamus 
42 0.004 4.9
1 
10 -28 2 
          
Within Ctrl 
LVN 
L  Cerebellar 
Lobule VI 
5892
7 
<0.001 Inf -28 -48 -30 
 L 13 Posterior 
Insula 
 <0.001 7.6
0 
-38 -22 14 
 L 41 Superior 
Temporal 
Gyrus 
 <0.001 7.4
9 
-60 -8 2 
 R 24 Mid-Cingulate 
Gyrus 
 <0.001 7.1
7 
2 -18 46 
 L 41 Heschl Gyrus  <0.001 7.1
3 
-52 -12 8 
 L 37 Fusiform  <0.001 7.0 -38 -46 -22 
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Gyrus 8 
 L 4 Precentral 
Gyrus 
 <0.001 6.9
5 
-30 -20 48 
 R 8 Superior 
Frontal Gyrus 
 <0.001 6.8
1 
24 22 44 
 L 40 Supramarginal 
Gyrus 
 <0.001 5.9
2 
-52 -24 14 
 R 13 Posterior 
Insula 
 0.001 5.1
8 
34 -26 16 
 L 50 Medial Dorsal 
Thalamus 
40 <0.001 5.8
4 
-8 -22 8 
 R  50 Medial Dorsal 
Thalamus 
 0.004 4.8
7 
8 -22 8 
 R 50 Pulvinar 
Thalamus 
 0.007 4.7
6 
10 -26 8 
 L 40 Inferior 
Parietal 
30 0.017 4.5
5 
-38 -38 46 
 R 6 Precentral 
Gyrus 
 0.030 4.4
2 
20 -24 76 
          
Within Ctrl 
RVN 
R 31 Mid-Cingulate 
Gyrus 
5889
6 
<0.001 7.5
1 
4 -24 44 
 L 13 Posterior 
Insula 
 <0.001 7.4
6 
-36 -20 12 
 L  24 Supplemental 
Motor Area 
 <0.001 7.1
6 
-2 -12 50 
 L  Cerebellum 
Lobule VI 
 <0.001 6.9
9 
-40 -42 -28 
 L 41 Heschl Gyrus  <0.001 6.8
7 
-48 -20 6 
 R 13 Posterior 
Insula 
 <0.001 5.8
3 
34 -26 16 
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 L 40 Supramarginal 
Gyrus 
 <0.001 5.6
2 
-48 -22 24 
 L 50 Medial Dorsal 
Thalamus 
42 <0.001 5.3
7 
-8 -22 8 
 R 50 Pulvinar 
Thalamus 
 0.002 5.0
9 
12 -26 6 
 R 8 Superior 
Frontal Gyrus 
73 0.002 5.0
3 
26 24 54 
 R 6 Supplemental 
Motor Area 
181 0.002 5.0
0 
20 -10 74 
 R  6 Precentral 
Gyrus 
 0.023 4.4
4 
20 -24 76 
 L 40 Inferior 
Parietal 
27 0.020 4.5
2 
-38 -38 46 
Post-hoc one-sample t-tests based on full-factorial analysis (reported at family-wise error 
whole-brain voxel-corrected at p<.05, k=10). Peak coordinates without k (cluster size) 
values listed are subpeaks of the nearest k value listed above.  
Abbreviations: PTSD, posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; Ctrl, healthy controls; LVN, left vestibular nuclei; 
RVN, right vestibular nuclei; L, left hemisphere; R, right hemisphere; BA, Brodmann 
Area; k, Cluster Size; v-FWE, family-wise error voxel-corrected.  
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Appendix C: Supplementary Material for Chapter 4 
Supplementary Table 1. Results from the omnibus 3 x 12 (Particpant Group x Regions-
of-Interest) ANOVA  
Contrast L
R 
B
A 
Region k vFWE Z MNI 
Coordinates 
   x         y         
z  
          
Two-Way 
Interaction 
Participant 
Group x 
Regions-of-
Interest 
         
 L/
R 
31 Precuneus 693 < .001 5.59 0 -58 20 
 R 18 Lingual Gyrus Of 693 .001 5.35 2 -64 8 
 L/
R 
23 Posterior 
Cingulate Cortex 
Of 693 .002 5.22 0 -50 30 
 L 47 Rolandic 
Operculum 
484 .002 3.49 -46 16 -6 
 L 6 Precentral Gyrus 701 .012 3.25 -10 -16 76 
 R 13 Posterior Insula 859 .024 3.15 44 -2 -6 
 R 51 Pallidum Of 859 .044 3.06 26 -14 -12 
 R 6 Superior Frontal 
Gyrus 
272 .027 3.13 18 12 56 
 L 48 Caudate 171 .028 3.13 -10 16 6 
          
Main 
Effect: 
Participant 
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group 
 R 48 Caudate 1952 < .001 5.95 10 10 2 
 R 51 Pallidum Of 
1952 
.01 4.84 20 2 2 
 L 18 Lingual Gyrus 12863 < .001 5.85 -16 -72 -4 
 L 18 Cuneus Of 
12863 
.001 5.32 -4 -74 18 
          
 R 54 Hippocampus 735 .026 4.63 22 -34 0 
 L 6 Precentral Gyrus 75 .048 4.48 -44 0 46 
          
Main 
Effect: 
Regions-of-
interest 
         
 R 13 Posterior Insula 93566 < .001 Inf 36 -20 6 
 L 13 Posterior Insula Of 
93566 
< .001 Inf -38 -8 -8 
 R 17 Calcarine Cortex 32 < .001 6.19 12 -94 0 
Results from the omnibus 3 x 12 (Particpant Group x Regions-of-Interest) ANOVA 
(reported at family-wise error whole-brain voxel-corrected at pFWE < .05, k = 10). 
Cluster sizes (k) listed as “Of x” are subpeaks of the nearest “x” k-value listed above. 
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; rdAIns, right dorsal anterior insula; rvAIns, right 
ventral anterior insula; ldAIns, left dorsal anterior insula; lvAIns, left ventral anterior 
insula; rdPIns, right dorsal posterior insula rvPIns, right ventral posterior insula; ldPIns, 
left dorsal posterior insula; lvPIns, left ventral posterior insula; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area; k, Cluster Size; vFWE, family-wise error voxel-
corrected; MNI, Montréal Neurological Institute. 
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Supplementary Table 2: Results from 3 (Group) x 2 (Hemisphere) x 2 (Axis) x 3 (Insula 
Subregion) Full Factorial Main Effects and Interactions 
Contrast L
R 
B
A 
Region k vFWE Z MNI 
Coordinates 
   x        y         z  
Four-Way 
Interaction 
(3 x 2 x 2 x 
3) 
Grp x Hem 
x Axis x 
Sub 
  None       
          
Three-Way 
Interaction 
(3 x 2 x 3) 
Grp x Hem 
x Sub 
  None       
          
Three-Way 
Interaction 
(3 x 2 x 3) 
Grp x Hem 
x Axis 
  None       
          
Two-Way 
Interaction 
Grp x Hem 
         
 R 1 Central 
Operculum 
22365 < .001 Inf 46 -20 24 
 R 1 Postcentral 
Gyrus 
Of 
22635 
< .001 Inf 38 -28 38 
 R 6 Superior Frontal 
Gyrus 
Of 
22635 
< .001 Inf 20 10 56 
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 L 30 Posterior 
Cingulate Cortex 
32 < .001 7.12 -2 -48 14 
 L 36 Parahippocampal 
Gyrus 
118 < .001 6.28 -30 -16 -26 
 L 20 Inferior 
Temporal Gyrus 
Of 118 < .001 6.26 -40 -22 -26 
 R 38 Temporal Pole 27 < .001 6.03 42 20 -38 
 R  Cerebellar 
Lobule VI 
124 < .001 5.86 38 -44 -28 
 R 37 Fusiform Gyrus Of 124 < .001 5.47 46 -56 -24 
 R  Cerebellar 
Lobule IX 
Of 124 .003 5.09 32 -42 -36 
 R  Cerebellar 
Lobule IV 
74 < .001 5.85 6 -48 -2 
 R 37 Fusiform Gyrus 45 < .001 5.69 52 -68 -12 
 L 38 Temporal Pole 33 < .001 5.61 -42 22 -24 
 R 31 Precuneus 70 < .001 5.55 4 -42 54 
 R 10 Medial 
Prefrontal Cortex 
22 < .001 5.46 10 68 4 
 R 37 Fusiform Gyrus 20 .002 5.24 64 -50 -8 
 L 8 Dorsolateral 
Prefrontal Cortex 
43 .002 5.23 -26 22 54 
Two-Way 
Interaction 
Grp x Axis 
         
 L 38 Temporal Pole 54 < .001 6.16 -58 4 -22 
 R 18 Lingual Gyrus 47 < .001 6.14 4 -60 8 
          
Two-Way 
Interaction 
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Grp x Sub 
 LR 31 Precuneus 301 < .001 6.63 0 -58 22 
 R 17 Lingual Gyrus Of 301 .002 5.18 2 -68 12 
 R 37 Fusiform Gyrus 325 < .001 6.16 48 -48 -20 
 L  Cerebellar 
Lobule IV 
199 < .001 6.09 -20 -62 -34 
 L  Cerebellar 
Lobule IX 
Of 199 < .001 5.59 -14 -70 -34 
 L  Cerebellar 
Lobule VII 
Of 199 .003 5.14 -44 -60 -34 
 R 47 Anterior Orbital 
Gyrus 
282 < .001 6.03 34 44 -16 
 R 10 Orbitolateral 
Prefrontal Cortex 
Of 282 < .001 5.93 38 58 -4 
 R 11 Medial Orbital 
Gyrus 
Of 282 < .001 5.86 14 60 -16 
 R 49 Amygdala 75 < .001 5.98 30 -2 -16 
 R 9 Dorsolateral 
Prefrontal Cortex 
135 < .001 5.74 54 28 16 
 R 49 Basal Forebrain 38 < .001 5.63 14 4 -16 
 R 37 Fusiform Gyrus 50 < .001 5.43 38 -68 -18 
 R 40 Supramarginal 
Gyrus 
52 < .001 5.33 44 -30 38 
 R 22 Superior 
Temporal Gyrus 
52 .001 5.30 60 -36 10 
 R 9 Medial 
Prefrontal Cortex 
71 .003 5.11 8 48 42 
 R 39 Angular Gyrus 22 .004 5.05 42 -50 24 
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Main 
Effect: 
group 
         
 R 51 Pallidum 36394 < .001 Inf 10 4 -4 
 R 48 Caudate Of 
36394 
< .001 Inf 10 10 2 
 L 20 Inferior 
Temporal Gyrus 
3233 < .001 Inf -58 -10 -32 
 L 6 Precentral Gyrus Of 
3233 
< .001 Inf -44 0 46 
 L 6 Postcentral 
Gyrus 
Of 
3233 
< .001 Inf -56 -8 28 
 L 10 Ventrolateral 
Prefrontal Cortex 
54 < .001 6.61 -26 54 -14 
 R 24 Mid-Cingulate 
Cortex 
495 < .001 6.51 14 -18 42 
 L 24 Mid-Cingulate 
Cortex 
38 < .001 5.99 -8 -18 40 
 R 40 Supramarginal 
Gyrus 
22 < .001 5.85 66 -30 32 
 R 21 Middle 
Temporal Gyrus 
29 < .001 5.63 64 -2 -24 
 L 8 Dorsolateral 
Prefrontal Cortex 
57 < .001 5.60 -38 14 38 
 L 1 Postcentral 
Gyrus 
20 < .001 5.42 -44 -28 56 
 L 40 Supramarginal 
Gyrus 
86 .001 5.35 -44 -44 50 
 R 10 Dorsolateral 
Prefrontal Cortex 
72 .002 5.18 40 58 8 
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Main 
Effect: 
hemisphere 
         
 R 13 Ventral Mid 
Insula 
25885 < .001 Inf 40 -6 0 
 R 13 Dorsal Posterior 
Insula 
Of 
25885 
< .001 Inf 38 -14 12 
 R 41 Central 
Operculum 
Of 
25885 
< .001 Inf 48 -18 12 
 L 13 Ventral Mid 
Insula 
29016 < .001 Inf -40 -2 -12 
 L 13 Dorsal Mid 
Insula 
Of 
29016 
< .001 Inf -40 -10 4 
 L 13 Ventral Anterior 
Insula 
Of 
29016 
< .001 Inf -38 4 -2 
 L  Cerebellar 
Lobule VI 
65 < .001 5.68 -26 -52 -32 
 L 5 Postcentral 
Gyrus 
66 < .001 5.54 -26 -34 66 
 L 37 Fusiform Gyrus 65 .001 5.28 -26 -42 -20 
 L 10 Medial 
Prefrontal Cortex 
20 .003 5.07 -12 60 -12 
          
Main 
Effect: axis 
         
 R 13 Ventral Anterior 
Insula 
40181 < .001 Inf 36 12 -18 
 R 13 Ventral Mid 
Insula 
Of 
40181 
< .001 Inf 40 4 -14 
 R 13 Ventral Mid 
Insula 
Of 
40181 
< .001 Inf 42 -8 -8 
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 R 6 Superior Frontal 
Gyrus 
38 .002 5.18 24 10 54 
 L 22 Superior 
Temporal Gyrus 
34 .003 5.08 -50 -42 20 
          
Main 
Effect: 
subregion 
         
 R 13 Dorsal Posterior 
Insula 
13529
3 
< .001 Inf 36 -18 10 
 R 13 Dorsal Posterior 
Insula 
Of 
13529
3 
< .001 Inf -36 -20 10 
 R 13 Dorsal Mid 
Insula 
Of 
13529
3 
< .001 Inf 18 -4 16 
Omnibus ANOVA F-test summary of the 3 x 2 x 2 x 3 (participant group x hemisphere x 
axis x subregion) full-factorial analysis (reported at family-wise error whole-brain voxel-
corrected at pFWE < .05, k = 10). Cluster sizes (k) listed as “Of x” are subpeaks of the 
nearest “x” k-value listed above. 
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; rdAIns, right dorsal anterior insula; rvAIns, right 
ventral anterior insula; ldAIns, left dorsal anterior insula; lvAIns, left ventral anterior 
insula; rdPIns, right dorsal posterior insula rvPIns, right ventral posterior insula; ldPIns, 
left dorsal posterior insula; lvPIns, left ventral posterior insula; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area; k, Cluster Size; vFWE, family-wise error voxel-
corrected; MNI, Montréal Neurological Institute. 
 
Supplementary Table 3: Post-hoc One Sample t-tests for Within Group Functional 
Connectivity  
Contrast L
R 
B
A 
Region k vFWE Z MNI 
Coordinates 
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x         y         z 
Healthy 
controls 
         
rdAIns R 13 Dorsal Anterior 
Insula 
99918 < .001 Inf 34 20 4 
rvAIns R 13 Ventral Anterior 
Insula 
10912 < .001 Inf 34 14 -14 
rdMIns R 13 Dorsal Mid 
Insula 
11715 < .001 Inf 38 4 4 
rvMIns R 13 Ventral Mid 
Insula 
11747 < .001 Inf 38 -4 -6 
rdPIns R 13 Dorsal Posterior 
insula 
12266 < .001 Inf 36 -10 14 
rvPIns R 13 Ventral Posterior 
Insula 
13884 < .001 Inf 34 -22 14 
ldAIns L 13 Dorsal Anterior 
Insula 
89508 < .001 Inf -36 16 -2 
lvAIns L 13 Ventral Anterior 
Insula 
93696 < .001 Inf -32 14 -14 
ldMIns L 13 Dorsal Mid 
Insula 
98047 < .001 Inf -38 4 0 
lvMIns L 13 Ventral Mid 
Insula 
10675 < .001 Inf -38 -8 -6 
ldPIns L 13 Dorsal Posterior 
Insula 
11953 < .001 Inf -40 -8 12 
lvPIns L 13 Ventral Posterior 
Insula 
15502 < .001 Inf -36 -20 10 
          
PTSD          
rdAIns R 13 Dorsal Anterior 
Insula 
12069 < .001 Inf 36 16 -2 
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rvAIns R 13 Ventral Anterior 
Insula 
11715 < .001 Inf 34 14 -16 
rdMIns R 13 Dorsal Mid 
Insula 
12957 < .001 Inf 34 6 8 
rvMIns  13 Ventral Mid 
Insula 
12207 < .001 Inf 40 -4 -8 
rdPIns R 13 Dorsal Posterior 
Insula 
13634 < .001 Inf 36 -10 14 
rvPIns R 13 Ventral Posterior 
Insula 
14313 < .001 Inf 38 -14 4 
ldAIns L 13 Dorsal Anterior 
Insula 
12393 < .001 Inf -32 18 4 
lvAIns L 13 Ventral Anterior 
Insula 
12566 < .001 Inf -32 14 -14 
ldMIns L 13 Dorsal Mid 
Insula 
13085 < .001 Inf -36 4 4 
lvMIns L 13 Ventral Mid 
Insula 
13298 < .001 Inf -38 -8 -8 
ldPIns L 13 Dorsal Posterior 
Insula 
13384 < .001 Inf -42 -4 2 
lvPIns L 13 Ventral Posterior 
Insula 
14605 < .001 Inf -36 -18 2 
          
PTSD+DS          
rdAIns R 13 Dorsal Anterior 
Insula 
99071 < .001 Inf 40 18 -4 
rvAIns R 13 Ventral Anterior 
Insula 
95554 < .001 Inf 36 12 -16 
rdMIns R 13 Dorsal Mid 
Insula 
13302 < .001 Inf 40 8 -2 
rvMIns R 13 Ventral Mid 12403 < .001 Inf 38 6 -14 
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Insula 
rdPIns R 13 Dorsal Posterior 
Insula 
15254 < .001 Inf 40 -4 0 
rvPIns R 13 Ventral Posterior 
Insula 
14762 < .001 Inf 36 -20 6 
ldAIns L 13 Dorsal Anterior 
Insula 
11127 < .001 Inf -34 20 0 
lvAIns L 13 Ventral Anterior 
Insula 
10837 < .001 Inf -34 12 -16 
ldMIns L 13 Dorsal Mid 
Insula 
13115 < .001 Inf -40 6 0 
lvMIns L 13 Ventral Mid 
Insula 
13361 < .001 Inf -38 -6 -8 
ldPIns L 13 Dorsal Posterior 
Insula 
15208 < .001 Inf -42 -6 2 
lvPIns L 13 Ventral Posterior 
Insula 
16139 < .001 Inf -36 -18 6 
 
Post-hoc one-sample t-tests detailing results from the 3 x 12 full-factorial analysis 
(reported at family-wise error whole-brain voxel-corrected at pFWE < .05, k = 10). 
Cluster sizes (k) listed as “Of x” are subpeaks of the nearest “x” k-value listed above. 
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; rdAIns, right dorsal anterior insula; rvAIns, right 
ventral anterior insula; ldAIns, left dorsal anterior insula; lvAIns, left ventral anterior 
insula; rdPIns, right dorsal posterior insula rvPIns, right ventral posterior insula; ldPIns, 
left dorsal posterior insula; lvPIns, left ventral posterior insula; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area; k, Cluster Size; vFWE, family-wise error voxel-
corrected; MNI, Montréal Neurological Institute. 
 
Supplementary Table 4: Post-hoc One Sample t-tests for Between Group Functional 
Connectivity Differences for the Mid-Insula 
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• Post-hoc analysis for anterior and posterior subregion group differences is detailed in 
the main manuscript.   
Contrast L
R 
B
A 
Region k vFWE Z MNI 
Coordinates 
x         y         z 
PTSD> 
PTSD+DS 
         
          
rdMIns   ns       
          
rvMIns   ns       
          
ldMIns L 51 Pallidum 26 .002 5.24 -16 6 0 
          
lvMIns R 50 Ventral Anterior 
Thalamus 
107 < .001 6.33 8 2 -4 
 R 51 Pallidum  < .001 5.74 14 8 -2 
 L 51 Pallidum 236 < .001 5.96 -20 -2 2 
     < .001     
PTSD+DS> 
PTSD 
    < .001     
rdMIns L  Cerebellar 
Lobule II 
512 < .001 5.97 -8 -80 -28 
 L  Cerebellar 
Lobule I 
Of 512 < .001 5.53 -18 -78 -24 
 L 19 Lingual Gyrus 167 < .001 5.86 -16 -68 -4 
 L 19 Middle Occipital 
Gyrus 
1086 < .001 5.50 -28 -86 14 
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 L 18 Cuneus Of 
1086 
< .001 5.36 -6 -74 18 
 L 19 Inferior Occipital 
Gyrus 
44 .002 5.20 -38 -64 -12 
 R  Cerebellar 
Lobule I  
48 .002 5.18 20 -82 -22 
          
rvMIns L 18 Lingual Gyrus 2789 < .001 5.66 -18 -68 -4 
 L 19 Middle Occipital 
Gyrus 
Of 
2789 
< .001 5.54 -26 -86 14 
 L 39 Angular Gyrus 81 < .001 5.42 -48 -44 22 
 L 7 Precuneus 53 .004 5.01 -8 -62 50 
          
ldMIns   ns       
          
lvMIns L  Cerebellar 
Lobule VI  
34 < .001 5.49 -38 -62 -24 
          
PTSD >  
healthy 
controls 
         
rdMIns R 48 Caudate 143 .001 5.28 10 10 0 
          
rvMIns L 24 Rostral Anterior 
Cingulate Cortex 
249 .001 5.33 -2 26 -6 
          
ldMIns R 50 Pulvinar 
Thalamus 
2139 < .001 7.35 20 -30 14 
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 L 54 Hippocampus Of 
2139 
< .001 6.00 -26 -34 -2 
 R 48 Caudate 465 < .001 6.48 10 8 4 
 L 50 Mediodorsal 
Thalamus 
Of 465 .001 5.26 -4 0 -2 
          
lvMIns R 50 Ventral Anterior 
Thalamus 
2521 < .001 7.59 6 2 -4 
 R 49 Putamen Of 
2521 
< .001 6.92 16 8 4 
 L 54 Hippocampus 128 < .001 5.97 -28 -34 0 
 R  Periaqueductal 
Gray 
60 .002 5.13 6 -26 -10 
 L 50 Midline 
Thalamus 
54 .003 5.09 -8 -18 18 
          
PTSD+DS> 
healthy 
controls 
         
rdMIns L 19 Fusiform Gyrus 230 < .001 5.67 -14 -66 -6 
 R 19 Lingual Gyrus 27 < .001 5.51 16 -66 -2 
 R 19 Lingual Gyrus 21 < .001 5.44 12 -74 0 
 L 18 Cuneus 228 .001 5.25 -2 -82 18 
 L 19 Middle Occipital 
Gyrus 
Of 228 .002 5.16 -28 -84 14 
 L 19 Superior 
Occipital Gyrus 
Of 228 .003 5.13 -12 -88 24 
 R 17 Calcarine Cortex 22 .002 5.22 16 -64 12 
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rvMIns   ns       
          
ldMIns R 19 Cuneus 5433 < .001 6.50 10 -78 34 
 R 18 Lingual Gyrus Of 
5433 
< .001 5.99 4 -64 8 
 R 13 Ventral Anterior 
Insula 
85 .001 5.31 48 16 -4 
 R 13 Ventral Mid 
Insula 
41 .001 5.26 46 -8 -2 
 L  Cerebellar 
Lobule 
21 .005 4.99 -38 -64 -24 
          
lvMIns L  Cerebellar 
Lobule 
688 < .001 6.17 -6 -62 -8 
 L 18 Lingual Gyrus Of 688 < .001 5.76 -16 -68 -6 
 L 18 Inferior Occipital 
Gyrus 
Of 688 .002 5.13 -30 -84 -6 
 L  Cerebellar 
Lobule 
450 < .001 5.89 -38 -64 -24 
 R  Cerebellar 
Lobule 
Of 450 < .001 5.70 14 -68 -30 
 L  Cerebellar 
Lobule 
Of 450 < .001 5.69 -20 -80 -24 
 R 18 Cuneus 2314 < .001 5.64 14 -74 26 
 R 17 Calcarine Cortex Of 
2314 
< .001 5.64 10 -64 14 
 R 13 Ventral Mid 
Insula 
73 < .001 5.38 46 -8 -2 
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healthy 
controls > 
PTSD 
         
rdMIns L  Precentral Gyrus 62 < .001 5.79 -44 0 46 
 L  Middle 
Temporal Gyrus 
79 < .001 5.76 -58 -36 -8 
 L  Postcentral 
Gyrus 
126 < .001 5.73 -58 -8 26 
 L  Central 
Operculum 
Of 126 .003 5.12 -58 -12 14 
 
 L  Precentral Gyrus 102 .001 5.41 -50 0 20 
 L  Superior 
Temporal Gyrus 
27 .002 5.14 -64 -16 -6 
          
rvMIns   ns 
          
ldMIns   ns       
          
lvMIns   ns       
          
healthy 
controls > 
PTSD+DS 
         
rdMIns R 4 Postcentral 
Gyrus 
331 < .001 5.69 34 -18 42 
 L 1 Postcentral 
Gyrus 
145 .003 5.07 -52 -22 30 
          
rvMIns L 1 Postcentral 58 < .001 5.44 -52 -22 30 
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Gyrus 
 L 4 Central 
Operculum 
206 < .001 5.34 -44 -12 18 
 L 13 Dorsal Posterior 
Insula 
Of 206 .001 5.28 -34 -14 18 
          
ldMIns L 40 Postcentral 
Gyrus 
117 < .001 5.34 -48 -20 34 
          
lvMIns L 6 Precentral Gyrus 27 .004 5.03 -40 -2 32 
 
 Between group post-hoc two-sample t-tests detailing differences in mid-insula functional 
connectivity patterns in PTSD groups (PTSD and PTSD+DS) versus healthy controls 
based on the 3 x 12 full-factorial analysis (reported at family-wise error whole-brain 
voxel-corrected at pFWE < .05, k = 10). Cluster sizes (k) listed as “Of x” are subpeaks of 
the nearest “x” k-value listed above. 
Abbreviations: PTSD posttraumatic stress disorder; PTSD+DS, posttraumatic stress 
disorder with the dissociative subtype; rdAIns, right dorsal anterior insula; rvAIns, right 
ventral anterior insula; ldAIns, left dorsal anterior insula; lvAIns, left ventral anterior 
insula; rdPIns, right dorsal posterior insula rvPIns, right ventral posterior insula; ldPIns, 
left dorsal posterior insula; lvPIns, left ventral posterior insula; L, left hemisphere; R, 
right hemisphere; BA, Brodmann Area; k, Cluster Size; vFWE, family-wise error voxel-
corrected; MNI, Montréal Neurological Institute. 
 
 
 
 
Appendix D: Supplementary Material for Chapter 5 
Supplementary Table 1. Subtraction Analyses F-tests 
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 LR BA Region k vFWE Z-
Score 
MNI 
Coordinates 
 x       y       z 
Omnibus ANOVA test R 19 Inferior Occipital 
Gyrus 
34008 <0.001 Inf 44 -64 4 
 L 19 Inferior Occipital 
Gyrus 
 <0.001 Inf -46 -68 8 
 L 18 Cuneus  <0.001 Inf -2 -80 20 
 R 6 Frontal Eye Field 3486 <0.001 Inf 46 0 56 
 L 6 Frontal Eye Field 4109 <0.001 Inf -44 -6 56 
 L 44 Inferior Frontal 
Operculum 
 <0.001 5.88 -54 10 4 
 L 10 Orbitolateral 
Prefrontal Cortex 
 <0.001 5.73 -42 50 -
14 
 R 6 Supplementary 
Eye Field 
949 <0.001 7.61 2 2 62 
 R 8 Supplementary 
Motor Cortex 
 0.034 4.92 2 16 50 
 R 7 Superior Parietal 
Lobule 
79 0.019 5.05 22 -44 76 
Main Effect of Group NS         
          
Main Effect of Motion L/R 18 Cuneus 18641 <0.001 Inf 0 -80 20 
 R 17 Lingual Gyrus  <0.001 Inf 2 -80 4 
 L 18 Lingual Gyrus  <0.001 Inf -10 -76 -
10 
 L 17 Calcarine Cortex  <0.001 Inf -10 -72 10 
 R 17 Calcarine Cortex  <0.001 Inf 10 -82 4 
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 L 19 Superior 
Occipital Gyrus 
 <0.001 Inf 18 -86 26 
 R 18 Superior 
Occipital Gyrus 
 <0.001 Inf -10 -72 24 
 L 6 Precentral Gyrus 575 <0.001 7.26 -44 -8 56 
 R 6 Precentral Gyrus 833 <0.001 6.73 46 -4 54 
 R 4 Postcentral Gyrus  0.004 5.42 36 -16 40 
 L 7 Superior Parietal 
Lobule 
335 0.002 5.42 -30 
 
-52 58 
 L 24 Mid-Cingulate 
Gyrus 
79 0.004 5.40 -12 -20 40 
 L 6 Supplemental Eye 
Field 
141 0.024 5.04 -4 -4 62 
Main Effect of Memory L 19 Occipital-
Fusiform Gyrus 
116 0.049 4.86 -34 -76 -
20 
          
Interaction: 
Group x Motion 
NS         
Interaction:  
Memory x Motion 
NS         
Interaction:  
Group x Memory x 
Motion 
NS         
Abbreviations: LR, left/right hemisphere; BA, Brodmann Area; k, cluster size; vFWE, 
voxel-wise family-wise error corrected; MNI, Montréal Neurological Institute; NS, not 
significant. 
 
Supplementary Table 2. Within Condition T-tests for Subtraction Analysis 
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 L
R 
B
A 
Region k vFWE Z-
Scor
e 
MNI 
Coordinates 
      x    y   
z 
No Memory          
Controls          
Central Fixation Dot N
S 
        
          
Horizontal Smooth 
Pursuit 
L/
R 
18 Cuneus 1432
0 
<0.001 Inf 0 -80 20 
 R 17 Calcarine Cortex    8 -64 10 
 L 17 Calcarine Cortex  <0.001 Inf -12 -68 8 
 R 17 Inferior Occipital 
Gyrus 
 <0.001 Inf 8 -74 6 
 R 19 Superior 
Occipital Gyrus 
 <0.001 Inf 18 -84 26 
 L 19 Lingual Gyrus  <0.001 Inf -12 -66 -2 
 L 19 
 
Inferior Occipital 
Gyrus 
 <0.001 Inf -42 -68 4 
 R 6 Frontal Eye Field 1475 <0.001 6.73 48 -2 52 
 L 6 Frontal Eye Field 568 0.003 5.44 -42 -8 48 
 L 40 Parietal 
Operculum 
272 0.004 5.39 -50 -40 26 
 R 7 Superior Parietal 
Lobule 
1567 0.005 5.31 28 -42 42 
 R 22 Superior 
Temporal Gyrus 
 0.013 5.11 66 -30 18 
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 L 7 Superior Parietal 
Lobule 
393 0.007 5.25 -28 -50 54 
 R 31 Medial Precentral 
Gyrus 
121 0.007 5.24 12 -26 42 
          
Horizontal Saccadic  L 19 Lingual Gyrus 6242 <0.001 7.75 -16 -64 -2 
 L 17 Calcarine Cortex  <0.001 7.29 -16 -68 6 
 L 18 Cuneus  <0.001 7.01 -2 -78 24 
 R 19 Inferior Occipital 
Gyrus 
 <0.001 6.65 42 -66 8 
 R 19 Lingual Gyrus  <0.001 6.57 14 -60 -8 
 R 19 Superior 
Occipital Gyrus 
 0.002 5.50 18 -84 26 
 R 37 Middle Temporal 
Gyrus 
 0.002 5.46 56 -62 2 
 L 37 Inferior Occipital 
Gyrus 
525 <0.001 6.03 -50 -74 2 
 R 6 Frontal Eye Field 837 <0.001 5.74 48 -2 56 
 R 22 Superior 
Temporal Gyrus 
322 0.001 5.58 66 -38 12 
 L 40 Parietal 
Operculum 
113 0.006 5.28 -52 -40 26 
 L 6 Frontal Eye Field 415 0.007 5.26 -42 -8 56 
          
Vertical Saccadic R 19 Inferior Occipital 
Gyrus 
9169 <0.001 7.78 42 -64 6 
 R 18 Calcarine Cortex  <0.001 7.61 8 -64 6 
 L/
R 
18 Cuneus  <0.001 7.18 0 -80 20 
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 R  Cerebellar Lobule 
VI 
 <0.001 6.89 14 -60 -10 
 R 19 Lingual Gyrus  <0.001 6.56 22 -68 -4 
 L 19 Lingual Gyrus  <0.001 6.47 -16 -62 0 
 R 19 Superior 
Occipital Gyrus 
 <0.001 6.16 16 -84 26 
 L 37 Superior 
Occipital Gyrus 
 <0.001 5.89 50 -72 0 
 R 6 Frontal Eye Field 1391 <0.001 7.15 48 -2 54 
 L 19 Inferior Occipital 
Gyrus 
700 <0.001 6.32 -52 -72 6 
 L 19 Middle Temporal 
Gyrus 
 <0.001 6.07 -42 -64 6 
 R 22 Superior 
Temporal Gyrus 
446 <0.001 5.88 64 -38 14 
 L 6 Frontal Eye Field 602 <0.001 5.78 -46 -6 54 
 L 6 Supplementary 
Eye Field 
452 0.003 5.45 -2 -4 66 
          
PTSD          
Central Fixation Dot R 37 Occipital-
Fusiform Gyrus 
282 0.020 5.02 34 -70 -14 
          
Horizontal Smooth 
Pursuit 
L 19 Middle Temporal 
Gyrus 
1592
7 
<0.001 Inf -46 -68 6 
 R 19 Superior 
Occipital Gyrus 
 <0.001 Inf 20 -84 28 
 R 18 Cuneus  <0.001 Inf 4 -76 18 
 R 17 Calcarine Cortex  <0.001 Inf 18 -66 8 
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 L 17 Calcarine Cortex  <0.001 Inf -12 -72 10 
 L 18 Cuneus  <0.001 Inf -6 -82 20 
 L 19 Superior 
Occipital Gyrus 
 <0.001 Inf -20 -86 28 
 L 17 Precuneus  <0.001 7.42 -8 -80 4 
 R 37 Inferior Occipital 
Gyrus 
 <0.001 7.08 50 -66 0 
 L 7 Superior Parietal 
Lobule 
577 <0.001 5.78 -28 -58 58 
 R 6 Frontal Eye Field 605 0.001 5.57 44 -2 56 
 L 6 Frontal Eye Field 541 0.020 5.02 -40 -4 56 
          
Horizontal Saccadic  R 17 Calcarine Cortex 7072 <0.001 6.58 14 -70 12 
 L 17 Calcarine Cortex  <0.001 6.52 -14 -70 8 
 R 18 Cuneus  <0.001 6.16 4 -78 16 
 L 18 Cuneus  <0.001 5.95 -2 -80 22 
 R 19 Superior 
Occipital Gyrus 
 <0.001 5.92 20 -86 30 
 R 37 Inferior Occipital 
Gyrus 
 0.006 5.27 54 -66 2 
 L 19 Superior 
Occipital Gyrus 
 0.018 5.04 -20 -86 26 
 R 19 Lingual Gyrus  0.022 5.00 16 -56 0 
 L 19 Occipital-
Fusiform Gyrus 
 0.028 4.95 -26 -72 -8 
 L 19 Middle Temporal 
Gyrus 
1616 <0.001 5.99 -44 -66 8 
 L 19 Superior  0.011 5.14 -44 -66 8 
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Temporal Gyrus 
 L 19 Inferior Occipital 
Gyrus 
 0.038 4.87 -46 -80 2 
 L 6 Frontal Eye Field 417 0.005 5.30 -48 -8 50 
          
Vertical Saccadic  L 19 Inferior Occipital 
Gyrus 
 <0.001 Inf -44 -68 6 
 R 19 Superior 
Occipital Gyrus 
1203
7 
<0.001 7.18 20 -84 28 
 R 19 Middle Temporal 
Gyrus 
 <0.001 7.08 42 -62 2 
 L 19 Superior 
Occipital Gyrus 
 <0.001 6.75 20 -84 28 
 R 17 Cuneus  <0.001 6.54 4 -82 10 
 L 18 Cuneus  <0.001 6.53 -6 -84 18 
 R 37 Inferior Occipital 
Gyrus 
 <0.001 6.16 52 -66 0 
 L 17 Calcarine Cortex  <0.001 6.05 -4 -92 10 
 L 19 Occipital-
Fusiform Gyrus 
 <0.001 5.91 -24 -70 -12 
 R 7 Superior Parietal 
Lobule 
 <0.001 5.88 30 -56 54 
 R 6 Frontal Eye Field 797 <0.001 5.23 44 0 58 
 L 6 Frontal Eye Field 993 0.007 5.10 52 4 48 
 R 6 Supplemental 
Motor Cortex 
312 0.014 4.39 4 2 60 
 L 7 Superior Parietal 
Lobule 
604 0.014 5.00 -32 -52 58 
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Neutral Memory          
Controls          
Central Fixation Dot R 18 Inferior Occipital 
Gyrus 
1682 <0.001 7.13 30 -94 -4 
 R 18 Occipital Pole  0.005 5.33 26 -98 4 
 R 37 Fusiform Gyrus  0.011 5.15 36 -62 -20 
 R 37 Occipital-
Fusiform Gyrus 
 0.033 5.07 36 -78 -16 
 L 18 Inferior Occipital 
Gyrus 
1504 <0.001 6.08 -26 -84 -10 
 L 18 Occipital-
Fusiform Gyrus 
 <0.001 5.99 -24 -88 -10 
 L 18 Occipital Pole  0.002 5.53 -24 -98 2 
 R 7 Superior Parietal 
Lobule 
237 0.026 4.96 36 -60 62 
          
Horizontal Smooth 
Pursuit 
R 17 Calcarine Cortex 1513
6 
<0.001 Inf 10 -66 14 
 L/
R 
18 Cuneus  <0.001 Inf 0 -76 14 
 R 19 Inferior Occipital 
Gyrus 
 <0.001 Inf 44 -64 4 
 L 17 Lingual Gyrus  <0.001 Inf -12 -80 2 
 R 18 Superior 
Occipital Gyrus 
 <0.001 Inf 20 -90 16 
 L 18 Superior 
Occipital Gyrus 
 <0.001 Inf -18 -90 16 
 R 6 Frontal Eye Field 762 <0.001 6.32 48 0 56 
 L 6 Frontal Eye Field 524 0.009 5.19 -48 -4 54 
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 R 7 Superior Parietal 
Lobule 
642 0.017 5.06 26 -50 46 
          
Horizontal Saccadic R 17 Calcarine Cortex 1210
0 
<0.001 7.45 4 -76 4 
 L 18 Cuneus  <0.001 6.86 -2 -80 18 
 L 19 Lingual Gyrus  <0.001 6.72 -24 -64 -8 
 L 18 Calcarine Cortex  <0.001 6.69 -10 -80 -8 
 R 19 Middle Temporal 
Gyrus 
 <0.001 6.28 46 -62 6 
 R 18 Superior 
Occipital Gyrus 
 0.001 5.73 18 -90 18 
 L 19 Middle Temporal 
Gyrus 
 0.001 5.63 -50 -66 8 
 L 7 Superior Parietal 
Lobule 
512 0.001 5.66 -30 -48 44 
 R 6 Frontal Eye Field 657 0.002 5.51 48 2 36 
 L 6 Frontal Eye Field 551 0.010 5.17 -48 -2 52 
          
Vertical Saccadic L 18 Lingual Gyrus 1359
8 
<0.001 7.10 -4 -78 0 
 R 19 Calcarine Cortex  <0.001 6.62 12 -64 -8 
 L 18 Occipital-
Fusiform Gyrus 
 <0.001 6.56 -22 -74 -6 
 R 18 Superior 
Occipital Gyrus 
 <0.001 6.48 20 -88 18 
 R 19 
 
Inferior Occipital 
Gyrus 
 <0.001 6.35 46 -64 4 
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 R 19 Lingual Gyrus  <0.001 6.32 24 -70 -4 
 L/
R 
17 Cuneus  <0.001 6.31 0 -84 -4 
 R 6 Frontal Eye Field 473 <0.001 5.92 48 0 56 
 L 6 Frontal Eye Field 573 0.005 5.32 -44 -6 56 
 L 7 Superior Parietal 
Lobule 
231 0.018 5.05 -30 -52 54 
          
PTSD          
Central Fixation Dot R 18 Inferior Occipital 
Gyrus 
3436 <0.001 5.95 32 -90 2 
 R 18 Occipital-
Fusiform Gyrus 
 <0.001 5.86 28 -64 14 
 R 37 Fusiform Gyrus  0.007 5.26 40 -54 -10 
 R  Cerebellar Lobule 
VI 
 0.038 4.88 30 -80 -20 
 R 18 Lingual Gyrus  0.048 4.83 14 -92 -12 
 L 37 Fusiform Gyrus 2076 0.004 5.32 -42 -56 -22 
 L 18 Inferior Occipital 
Gyrus 
 0.011 5.15 -28 -92 10 
 L 19 Occipital-
Fusiform Gyrus 
 0.024 4.97 -36 -72 -16 
          
Horizontal Smooth 
Pursuit 
L 19 Superior 
Occipital Gyrus 
1343
4 
<0.001 7.33 -20 -90 26 
 L 19 Inferior Occipital 
Gyrus 
 <0.001 6.88 -42 -70 6 
 L 17 Calcarine Cortex  <0.001 6.85 -6 -88 2 
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 R 17 Calcarine Cortex  <0.001 6.78 10 -82 4 
 L 18 Cuneus  <0.001 6.74 -4 -82 20 
 R 17 Lingual Gyrus  <0.001 6.67 4 -72 8 
 R 19 Inferior Occipital 
Gyrus 
 <0.001 6.66 42 -66 2 
 L 18 Lingual Gyrus  <0.001 6.55 -10 -80 0 
 R  Cerebellar Lobule 
VI 
 <0.001 6.47 26 -68 -18 
          
Horizontal Saccadic  R 17 Calcarine Cortex 7072 <0.001 6.58 14 -70 12 
 L 17 Calcarine Cortex  <0.001 6.52 -2 -84 6 
 R 18 Cuneus  <0.001 6.16 4 -78 16 
 R 19 Superior 
Occipital Gyrus 
 <0.001 5.92 20 -86 30 
 L 19 Lingual Gyrus  <0.001 5.87 -14 -64 -6 
 R 23 Precuneus  0.002 5.48 24 -56 6 
 R 37 Inferior Occipital 
Gyrus 
 0.006 5.27 54 -66 2 
 L 19 Superior 
Occipital Gyrus 
 0.018 5.04 -20 -86 26 
 R 19 Lingual Gyrus  0.022 5.00 16 -56 0 
 L 19 Occipital-
Fusiform Gyrus 
 0.028 4.95 -26 -72 -8 
 R 47 Inferior 
Orbitofrontal 
Cortex 
253 0.040 4.87 48 42 -18 
          
Vertical Saccadic  R 37 Occipital- 1132 <0.001 Inf 24 -68 -14 
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Fusiform Gyrus 1 
 R  Cerebellar Lobule 
VI 
 <0.001 6.45 16 -74 -16 
 R 17 Calcarine Cortex  <0.001 6.42 10 -86 10 
 L 18 Occipital-
Fusiform Gyrus 
 <0.001 6.31 -22 -70 -14 
 R 17 Lingual Gyrus  <0.001 6.11 4 -80 2 
 R 19 Inferior Occipital 
Gyrus 
  5.90 44 -68 2 
 L 18 Cuneus   5.92 -4 -82 18 
 L 19 Lingual Gyrus  0.001 5.71 -18 -64 -8 
          
Traumatic Memory          
Controls          
Central Fixation Dot   NS       
          
Horizontal Smooth 
Pursuit 
L/
R 
18 Cuneus 1214
8 
<0.001 Inf 0 -74 22 
 R 17 Calcarine Cortex  <0.001 Inf 12 -84 0 
 L 17 Lingual Gyrus  <0.001 Inf -12 -80 2 
 L 17 Calcarine Cortex  <0.001 6.98 -6 -88 -2 
 R 19 Middle Temporal 
Gyrus 
 <0.001 6.92 42 -62 4 
 L 6 Frontal Eye Field 336 0.004 5.34 -46 -6 58 
          
Horizontal Saccadic R 17 Calcarine Cortex 3943 <0.001 6.15 12 -88 2 
 R 17 Lingual Gyrus  <0.001 6.09 2 -72 12 
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 L 18 Occipital-
Fusiform Gyrus 
 <0.001 5.72 -24 -74 -14 
 L/
R 
18 Cuneus  0.001 5.63 0 -74 20 
 L 17 Calcarine Cortex  0.001 5.59 -10 -80 6 
 L 18 Lingual Gyrus  0.018 5.04 -16 -70 -12 
          
Vertical Saccadic R 19 Calcarine Cortex 5788 <0.001 5.89 14 -62 4 
 L 18 Lingual Gyrus  0.001 5.76 -18 -74 -12 
 L 18 Occipital-
Fusiform Gyrus 
 0.001 5.70 -24 -72 -12 
 R 18 Cuneus  0.001 5.65 6 -90 12 
 L 19 Middle Occipital 
Gyrus 
 0.003 5.42 -50 -70 10 
 L 19 Inferior Occipital 
Gyrus 
 0.003 5.41 -52 -74 8 
 L 17 Calcarine Cortex  0.029 4.94 -10 -66 8 
 L 6 Frontal Eye Field 92 0.002 5.47 -46 -6 58 
 R 37 Middle Temporal 
Gyrus 
380 0.004 5034 44 -62 4 
          
PTSD          
Central Fixation Dot R 37 Occipital-
Fusiform Gyrus 
1263 <0.001 5.89 39 -62 -18 
 L 19 Occipital-
Fusiform Gyrus 
1123 0.002 5.50 -36 -72 -18 
 R 6 Supplementary 
Eye Field 
343 0.006 5.28 2 0 62 
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Horizontal Smooth 
Pursuit 
R 17 Calcarine Cortex 1989
1 
<0.001 Inf 10 -86 6 
 L 17 Calcarine Cortex  <0.001 Inf -6 -86 2 
 L 19 Inferior Occipital 
Gyrus 
 <0.001 Inf -44 -70 4 
 L 18 Cuneus  <0.001 7.68 -4 -82 20 
 L 19 Occipital-
Fusiform Gyrus 
 <0.001 7.54 -36 -74 -18 
 R  Cerebellar Lobule 
VI 
 <0.001 7.48 14 -76 -16 
 R 19 Superior 
Occipital Gyrus 
 <0.001 7.26 20 -82 24 
 L 19 Superior 
Occipital Gyrus 
 <0.001 7.09 -20 -90 26 
 R 37 Fusiform Gyrus  <0.001 7.07 26 -66 -16 
 L 7 Superior Parietal 
Lobule 
 0.001 5.56 -28 -60 62 
 L 6 Frontal Eye Field 627 0.003 5.39 -42 -4 58 
 R 6 Frontal Eye Field 236 0.022 5.14 44 0 56 
 L/
R 
7 Precuneus 149 <0.001
* 
5.56 0 -62 54 
          
Horizontal Saccadic  R 17 Calcarine Cortex 8588 <0.001 7.14 10 -86 6 
 L 17 Calcarine Cortex  <0.001 6.72 -12 -72 8 
 R 17 Lingual Gyrus  <0.001 6.54 2 -76 4 
 R 18 Cuneus  <0.001 6.16 4 -88 12 
 L 18 Calcarine Cortex  <0.001 6.06 -6 -72 6 
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 L  Cerebellar Lobule 
VI 
 0.004 5.36 -20 -74 -18 
 R  Cerebellar Lobule 
VI 
 0.005 5.32 16 -74 -16 
 L 7 Superior Parietal 
Lobule 
163 0.043 4.85 -36 -58 58 
          
Vertical Saccadic R  Cerebellar Lobule 
VI 
1680
2 
<0.001 7.80 24 -66 -16 
 L 19 Inferior Occipital 
Gyrus 
 <0.001 7.10 -42 -68 6 
 L  Cerebellar Lobule 
VI 
 <0.001 6.94 -20 -72 -18 
 R 17 Calcarine Cortex  <0.001 6.81 8 -88 6 
 L/
R 
17 Cuneus  <0.001 6.79 0 -86 12 
 L 19 Occipital-
Fusiform Gyrus 
 <0.001 6.73 -24 -70 -16 
 R 19 Superior 
Occipital Gyrus 
 <0.001 6.57 20 -82 26 
 R 19 Occipital-
Fusiform Gyrus 
 <0.001 6.35 38 -64 -16 
 R 17 Lingual Gyrus  <0.001 6.29 2 -90 2 
 L 7 Precuneus 47 0.003* 4.23 -2 -58 54 
Abbreviations: LR, left/right hemisphere; BA, Brodmann Area; k, cluster size; vFWE, 
voxel-wise family-wise error corrected; MNI, Montréal Neurological Institute; NS, not 
significant 
 
Supplementary Table 3. Between-Group T-tests for Subtraction Analysis 
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 LR BA Region k vFWE Z-
Score 
MNI 
Coordinates 
  x       y       z 
Between Group          
PTSD>Control  
No Memory Condition 
Horizontal Saccadic 
L 21 Superior 
Temporal Gyrus 
200 0.013 5.12 -48 -48 10 
PTSD>Controls 
Traumatic Memory  
Horizontal Smooth 
Pursuit 
L/R 7 Precuneus 40 0.004* 4.08 0 -58 52 
          
Between Motion 
Type 
         
No Memory          
Controls          
Horizontal Smooth 
Pursuit > Central 
Fixation Dot 
R 17 Calcarine Cortex 17601 <0.001 Inf 8 -66 12 
 L/R 18 Cuneus  <0.001 Inf 0 -76 14 
 L  17 Lingual Gyrus  <0.001 Inf -2 -76 2 
 R 18 Superior 
Occipital Gyrus 
 <0.001 Inf 20 -88 18 
 L 6 Frontal Eye Field 407 0.001 5.67 -46 -8 58 
 R 6 Frontal Eye Field 634 0.002 5.50 48 -2 52 
 R 7 Precuneus 11 0.004* 4.07 2 -74 46 
Horizontal Saccadic > 
Central Fixation Dot 
R 17 Lingual Gyrus 10484 <0.001 Inf 2 -78 4 
 R 17 Calcarine Cortex  <0.001 Inf 8 -68 14 
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 L 17 Calcarine Cortex  <0.001 Inf -6 -74 10 
 L 18 Cuneus  <0.001 Inf -2 -78 24 
 L 18 Lingual Gyrus  <0.001 7.55 -12 -78 -12 
Horizontal Smooth 
Pursuit > Horizontal 
Saccadic 
R 18 Superior 
Occipital Gyrus 
 <0.001 6.84 18 -88 18 
 R 17 Cuneus 3806 0.002 5.77 2 -72 12 
 L 18 Calcarine Cortex  0.005 5.33 -12 -84 -4 
 L 18 Lingual Gyrus  0.007 5.25 -2 -68 4 
 L 18 Superior 
Occipital Gyrus 
 0.013 5.11 -18 -92 16 
 R 18 Occipital Pole  0.046 4.83 20 -94 18 
 R 13 Posterior Insula 10 0.008* 3.93 30 -20 12 
          
PTSD          
Horizontal Smooth 
Pursuit > Central 
Fixation Dot 
L 18 Cuneus 9233 <0.001 Inf -2 -82 22 
 L 17 Calcarine Cortex  <0.001 Inf -12 -72 8 
 R 19 Superior 
Occipital Gyrus 
 <0.001 Inf 20 -84 28 
 R 17 Lingual Gyrus  <0.001 7.71 2 -72 8 
 L 19 Superior 
Occipital Gyrus 
 <0.001 7.52 -20 -90 26 
 R 17 Calcarine Cortex  <0.001 7.45 16 -70 12 
 L  19 Precuneus  <0.001 7.07 -8 -80 42 
 L 19 Middle Temporal 
Gyrus 
375 0.013 5.11 -48 -68 6 
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 R 19 Middle Temporal 
Gyrus 
387 0.016 5.06 42 -62 2 
Horizontal Saccadic > 
Central Fixation Dot 
L/R 17 Lingual Gyrus 6530 <0.001 7.63 0 -82 4 
 L 18 Cuneus  <0.001 6.76 -2 -82 22 
 R 18 Calcarine Cortex  <0.001 6.76 8 -86 22 
 L 17 Calcarine Cortex  <0.001 6.43 -12 -72 8 
 R 19 Superior 
Occipital Gyrus 
 <0.001 6.23 20 -86 30 
 L 19 Lingual Gyrus  <0.001 6.12 -12 -62 -4 
Central Fixation Dot > 
Horizontal Saccadic 
R 18 Inferior Occipital 
Gyrus 
323 0.006 5.28 26 -94 0 
 L 18 Inferior Occipital 
Gyrus 
124 0.033 4.91 -20 -98 -6 
          
Neutral Memory          
Controls          
Horizontal Smooth 
Pursuit > Central 
Fixation Dot 
R 18 Cuneus 9129 <0.001 Inf 2 -74 20 
 R 17 Calcarine Cortex  <0.001 Inf 8 -76 4 
 R 17 Lingual Gyrus  <0.001 Inf 2 -78 2 
 R 19 Superior 
Occipital Gyrus 
 <0.001 7.70 18 -86 26 
 L 18 Calcarine Cortex  <0.001 7.45 -10 -86 -2 
 L 18 Middle Occipital 
Gyrus 
 <0.001 7.24 -18 -90 16 
 R 19 Inferior Occipital 
Gyrus 
340 0.001 5.55 44 -64  4 
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Horizontal Saccadic > 
Central Fixation Dot 
R 17 Calcarine Cortex 7697 <0.001 Inf 4 -72 10 
 L/R 18 Cuneus  <0.001 Inf 0 -78 20 
 L 18 Calcarine Cortex  <0.001 Inf -8 -74 10 
 L 19 Lingual Gyrus  <0.001 7.36 -12 -66 -2 
 R 18 Lingual Gyrus  <0.001 6.13 10 -58 4 
Central Fixation Dot > 
Horizontal Smooth 
Pursuit 
R 18 Occipital Pole 78 0.006 5.26 28 -96 -4 
          
PTSD          
Horizontal Smooth 
Pursuit > Central 
Fixation Dot 
L 19 Cuneus 5316 <0.001 6.65 -2 -82 22 
 L 17 Calcarine Cortex  <0.001 6.53 -12 -72 8 
 R 17 Calcarine Cortex  <0.001 6.30 12 -82 4 
 L 18 Superior 
Occipital Gyrus 
 <0.001 6.22 -20 -90 24 
 R 17 Lingual Gyrus  0.001 5.69 2 -86 1 
 R 19 Superior 
Occipital Gyrus 
 0.001 5.67 20 -82 24 
 L 18 Lingual Gyrus  0.001 5.59 -8 -78 2 
 L 19 Inferior Occipital 
Gyrus 
209 0.031 4.92 -42 -70 6 
Horizontal Saccadic > 
Central Fixation Dot 
L 17 Calcarine Cortex 2577 <0.001 5.82 -12 -72 8 
 R 17 Lingual Gyrus  <0.001 5.71 4 -84 0 
 L 17 Cuneus  0.009 5.20 -4 -80 22 
 R 18 Calcarine Cortex  0.014 5.09 14 -70 14 
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Central Fixation Dot > 
Horizontal Smooth 
Pursuit 
L 18 Occipital Pole 43 0.037 4.88 -20 -
100 
-6 
          
Traumatic Memory          
Controls          
Horizontal Smooth 
Pursuit > Central 
Fixation Dot 
L/R 18 Cuneus 11527 <0.001 Inf 0 -76 14 
 R 17 Calcarine Cortex  <0.001 Inf 10 -88 2 
 L 18 Lingual Gyrus  <0.001 Inf -10 -80 -
10 
 R 19 Superior 
Occipital Gyrus 
 <0.001 Inf 18 -88 28 
 L 17 Calcarine Cortex  <0.001 Inf -6 -88 0 
 L 18 Middle Occipital 
Gyrus 
 <0.001 Inf -18 -92 16 
 R 19 Middle Temporal 
Gyrus 
382 <0.001 6.30 42 -60 4 
 R 6 Frontal Eye Field 257 0.002 5.47 44 -8 46 
 R 7 Precuneus 26 0.003* 4.22 2 -72 42 
Horizontal Saccadic > 
Central Fixation Dot 
R 17 Calcarine Cortex 5839 <0.001 7.54 4 -72 14 
 R 18 Lingual Gyrus  <0.001 7.51 2 -80 4 
 L 18 Cuneus  <0.001 6.93 -2 -80 18 
 L 17 Calcarine Cortex  <0.001 6.28 -10 -82 8 
 L 18 Lingual Gyrus  0.001 5.81 -8 -78 -
10 
 R 19 Superior 
Occipital Gyrus 
 0.005 5.32 20 -88 26 
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 L 6 Frontal Eye Field 42 0.048 4.82 -46 -6 58 
Central Fixation Dot > 
Horizontal Saccadic 
R 18 Inferior 
Occipital Gyrus 
151 0.038 4.88 28 -96 0 
Horizontal Smooth 
Pursuit > Horizontal 
Saccadic 
L 18 Superior 
Occipital Gyrus 
3581 <0.001 5.77 -18 -90 14 
 L 18 Lingual Gyrus  0.001 5.70 -12 -80 -
14 
 L 18 Calcarine 
Cortex 
 0.005 5.30 -14 -82 -2 
 L 18 Cuneus  0.023 4.99 -2 -80 26 
 R 18 Middle Occipital 
Gyrus 
 0.041 4.86 20 -90 16 
 R 19 Middle 
Temporal Gyrus 
115 0.015 5.08 38 -62 4 
          
PTSD          
Horizontal Smooth 
Pursuit > Central 
Fixation Dot 
R 17 Calcarine Cortex 11284 <0.001 Inf 10 -84 4 
 L 17 Calcarine Cortex  <0.001 Inf -6 -86 2 
 L/R 17 Cuneus  <0.001 Inf 0 -82 8 
 L 18 Superior 
Occipital Gyrus 
 <0.001 Inf -6 -82 20 
 L 17 Occipital Pole  <0.001 Inf -8 -94 6 
 R 18 Superior 
Occipital Gyrus 
 <0.001 7.42 2 -82 26 
 L 19 Inferior Occipital 
Gyrus 
566 <0.001 6.82 -48 -72 6 
Horizontal Saccadic > 
Central Fixation Dot 
R 17 Calcarine Cortex 3536 <0.001 6.27 10 -84 4 
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 L 17 Calcarine Cortex  <0.001 6.00 -12 -72 8 
 R 17 Lingual Gyrus  <0.001 5.97 4 -86 0 
 L 18 Cuneus  0.001 5.61 -2 -80 20 
Central Fixation Dot > 
Horizontal Saccadic 
L 18 Occipital Pole 229 0.047 4.83 -22 -
100 
-2 
Horizontal Smooth 
Pursuit > Horizontal 
Saccadic 
L 18 Occipital Pole 590 0.001 5.17 -16 -94 6 
 R 8 Dorsolateral 
Prefrontal Cortex 
2348 0.036 4.89 36 30 50 
 R 7 Precuneus 40 0.008 3.85 4 -60 40 
          
Between Memory NS         
          
Between Group, 
Between Motion, 
Within Memory 
NS         
Between Group, 
Within Motion, 
Between Memory 
NS         
Within Group, 
Between Motion, 
Between Memory 
         
Control 
Traumatic>Neutral 
Memory  
Central Fixation Dot > 
Horizontal Saccadic 
L 11 Rostral Anterior 
Cingulate Cortex 
25 0.044 4.84 -12 28 -
16 
PTSD 
Traumatic>No Memory 
Horizontal Smooth 
Pursuit > Horizontal 
Saccadic 
R 39 Angular Gyrus 95 0.032 4.92 50 -56 52 
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 R 8 Dorsolateral 
Prefrontal Cortex 
12 0.003* 4.13 36 28 52 
          
Between Group, 
Between Motion, 
Between Memory 
NS         
Abbreviations: LR, left/right hemisphere; BA, Brodmann Area; k, cluster size; vFWE, 
voxel-wise family-wise error corrected; MNI, Montréal Neurological Institute; NS, not 
significant 
 
Supplementary Table 4. Right Frontal Eye Field Psychophysiological Interaction F-
tests 
 LR BA Region k vFWE Z-
Score 
MNI 
Coordinates 
  x          y         
z 
Average ANOVA effect L  Angular Gyrus 549 0.010 5.23 -44 -66 36 
 R  Precentral Gyrus 182 0.011 5.21 28 -8 56 
 L  Precuneus 1094 0.023 5.06 -4 -60 34 
          
Main Effect of Group NS         
          
Main Effect of Memory NS         
          
Main Effect of  Motion NS         
          
Interaction:  NS         
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Group x Motion 
          
Interaction:  
Memory x Motion 
NS         
          
Interaction:  
Group x Memory x 
Motion 
NS         
Abbreviations: LR, left/right hemisphere; BA, Brodmann Area; k, cluster size; vFWE, 
voxel-wise family-wise error corrected; MNI, Montréal Neurological Institute; NS, not 
significant 
 
Supplementary Table 5. Right Supplementary Eye Field Psychophysiological 
Interaction F-tests 
 LR BA Region k vFWE Z-
Score 
MNI 
Coordinates 
      x    y   
z 
Average ANOVA Effect R 6 Precentral Gyrus 3497 0.002 5.61 38 -10 54 
 L 6 Superior Frontal 
Gyrus 
 0.025 5.04 -14 14 66 
 L 6 Middle Frontal 
Gyrus 
 0.030 5.00 -46 4 46 
 L 7 Superior Parietal 
Lobule 
799 0.036 4.96 -22 -52 52 
          
Main Effect of Group NS         
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Main Effect of Memory L 18 Lingual Gyrus 896 0.027 4.96 -6 -86 -8 
          
Main Effect of Motion NS         
          
Interaction: 
GroupxMotion 
R 39 Angular Gyrus 543 0.041 4.96 48 -58 38 
          
Interaction:  
Memory x Motion 
NS         
          
Interaction:  
GroupxMemoryxMotion 
NS         
Abbreviations: LR, left/right hemisphere; BA, Brodmann Area; k, cluster size; vFWE, 
voxel-wise family-wise error corrected; MNI, Montréal Neurological Institute; NS, not 
significant 
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Academic Presentations 
 
Annual Society of Biological Psychiatry Conference  May 16-19, 2019 
Title: The Vestibular System in Posttraumatic Stress Disorder 
Symposium Presentation 
Chicago, Illinois 
 
Annual ISSTD Conference     March 28-April 1, 2019 
Title: The Vestibular System in Posttraumatic Stress Disorder 
Symposium Presentation 
New York City, New York 
 
International Trauma Conference    May 30-June 2, 2018 
Title: The Vestibular System in Posttraumatic Stress Disorder 
*Keynote Speech 
Boston, Massachussetts  
 
Neuropsychiatry Rounds      September 8, 2017 
Title: fMRI resting state functional connectivity of the periaqueductal gray in 
posttraumatic stress disorder and its dissociative subtype     
  
Department of Psychiatry, Schulich School of Medicine and Dentistry 
London, Ontario 
 
London Psychiatry Academic Research Day    June 22, 2017 
Title: Sensory Overload and Imbalance: Resting-State Vestibular Connectivity in PTSD 
Department of Psychiatry, Schulich School of Medicine and Dentistry 
London, Ontario 
 *Received award for best student oral presentation 
 
International Trauma Conference     May 31-June 3, 2017 
Title: The Vestibular System in Posttraumatic Stress Disorder 
Workshop 
Boston, Massachussetts  
 
London Health Research Day      March 28, 2017 
Title: Sensory Overload and Imbalance: Resting-State Vestibular Connectivity in PTSD 
Lawson Health Research Institute 
London, Ontario 
 
London Psychiatry Academic Research Day    June 23, 2016 
Title: fMRI resting state functional connectivity of the periaqueductal gray in 
posttraumatic stress disorder and its dissociative subtype 
Department of Psychiatry, Schulich School of Medicine and Dentistry 
London, Ontario 
